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ABSTRACT 
Cyclothems record the sedimentary product of cyclicity in relative sea-level on either a regional or global 
scale, showing both regressive and transgressive phases.  This study aims to contribute to our 
understanding of the sedimentary consequences of relative sea-level rise in a Carboniferous 
transgressive sequence in County Clare, western Ireland.  The transgression in focus is at the top of the 
Tullig Cyclothem, and is exposed in several sections over a distance of 46 km.  
The aims of this thesis are to describe and interpret: 1) the detailed sedimentology and stratigraphy of 
the transgressive upper portion of the Tullig Cyclothem, 2) the nature (continuous or stepped) of, and 
controls upon, relative sea-level change, and 3) the paleoenvironmental transition from fluvio-deltaic to 
open marine conditions, and how this ties in to the overall evolution of the Western Irish Namurian 
Basin. These aims have been achieved by examination of all the outcrops of the transgressive upper 
Tullig cyclothem in County Clare, which show considerable lateral variation from north to south.  
One complete section of the transgressive Tullig is exposed at Trusklieve, where the sedimentary infill 
begins at the top of the fluvio-deltaic sandstone channels of the Tullig Sandstone.  At this point, relative 
sea-level was at its minimum, and the beginning of the transgression is marked by symmetrical dunes, 
reworked dunes, and Zoophycos trace fossils.  This surface is overlain by nearly 20 meters of 
unfossiliferous dark grey shales and siltstones, which are more organic rich and contain siderite nodules 
at their base, and are then topped by 4 meters of sandstone sheets, and finally a goniatite-rich fossil 
bed.  This goniatite band marks the maximum relative sea-level within the Tullig cyclothem, and a fully 
marine environment. 
In terms of outcrop thickness, there is significant lateral variability between the nine outcrops studied in 
this thesis.  The outcrops in the north (i.e. Furreera and Cliffs of Moher) are significantly thinner (less 
than 10 meters) than their southern counterparts, with the outcrop at Carrowmore Point being 
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exceptionally thick (~50 meters).  Additionally, the ratio of sandstone to siltstone also varies significantly 
between outcrops, and between one and three coarsening-upwards parasequences can be identified at 
these different locations.  The outcrops that are centrally-located in the region (between Diamond Rocks 
and Carrowmore Point) possess the greatest thicknesses of sands and also up to three parasequences.  
At these localities, the presence of thick sandstones overlying shales and mudstones correlates strongly 
with the presence of mud diapirs, large-scale slumping and growth faults.   
The field study is used to propose a model for paleoenvironmental change through the upper 
transgressive portion of the Tullig Cyclothem: a transition from active fluvio-deltaic sands and coals of 
the upper Tullig Sandstone, followed by subaqueous delta plain muds and silts, progradational mouth 
bar sands, and finally the Reticuloceras stubblefieldi goniatite fossil bed.  These changing 
paleoenvironments are interpreted in terms of the competition between relative sea-level change, 
which itself appears to be controlled by both eustatic sea-level change and local subsidence, and 
sediment supply, which is determined by both distance to source (as affected by relative sea-level) and 
local river channel avulsion and abandonment. 
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CHAPTER 1 
Introduction and Background to the Study 
1.1 Introduction 
The sedimentary “anatomy” in this study refers to the sedimentary components and their 
characterization within a particular sedimentary succession.  Wanless & Weller (1932) were the first to 
use the term “Cyclothem” to describe the succession of sedimentary rock layers found in coal-bearing 
formations in western Illinois.  Cyclothems are repetitive stratigraphic successions of both marine and 
non-marine strata, which are indicative of cyclic depositional systems controlled by changes in relative 
sea-level.  Cyclicity in relative sea-level may be on either a regional or global scale, expressing both 
regressive and transgressive phases.    
This study focuses on the upper portion of the Tullig Cyclothem, which is situated within the 
Carboniferous-age Western Irish Namurian Basin (WINB), and outcrops along the western coastline of 
County Clare, Ireland.  Past work by Hodson (1954a), Hodson & Lewarne (1961), Rider (1974; 1978), Gill 
(1979), Collinson et al. (1991), Hampson et al. (1997), Wignall & Best (2000), Martinsen & Collinson 
(2002), Martinsen (2003), and Wignall & Best (2004) have provided a basis and framework for the ages 
and locations of transgressive maximum flooding surfaces of the Tullig Cyclothem using goniatite fossil 
band correlations.  The fossil band containing the Reticuloceras stubblefieldi goniatite marks the top 
boundary of the Tullig Cyclothem in west County Clare. 
1.2 Research objectives 
The objectives of this research are to describe and interpret: 
1) The sedimentology and paleoenvironments of the transgressive upper portion of the Tullig 
Cyclothem; 
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2) The nature (continuous or stepped) of, and controls upon, relative sea-level change and its controls; 
and 
3)   The paleoenvironmental transition from fluvio-deltaic to open marine conditions, and how this ties 
in to the overall evolution of the Western Irish Namurian Basin. 
1.3 Thesis Structure 
The chapters of this thesis are arranged as follows.  Chapter 2 gives a background discussion of the past 
work relating to the history of the Western Irish Namurian Basin, including a summary of the 
stratigraphy, paleogeography and processes involved in the formation of the basin.  The chapter also 
discusses past literature concerning the infill of the Shannon Group, including the Clare Shale Formation, 
Ross Sandstone Formation, Gull Island Formation, and the Central Clare Group which includes the Tullig, 
Kilkee, Doonlicky, IV and V cyclothems. 
Chapter 3 reviews past work concerning relative sea-level changes, including a discussion of cycle 
orders, depositional systems and stratigraphic responses to transgression in deltaic environments.  The 
terms “maximum flooding surface” (MFS) and “initial flooding surface” (IFS) are defined and discussed 
relating to their importance in studying the products of sea-level change. 
Chapter 4 presents the methodology of the thesis, including the localities studied, the techniques used 
to collect data in the field, and maps and aerial photography. 
Chapter 5 describes and interprets the sedimentary lithofacies present within the Upper Tullig 
Cyclothem, summarizes and associates paleoenvironments related to the lithofacies, and presents the 
detailed stratigraphic logs at each locality.  This chapter also describes and interprets each outcrop. 
Chapter 6 discusses and summarizes the overall stratigraphy of the Upper Tullig Cyclothem, addressing 
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the thesis aims.  This stratigraphy is discussed in terms of both allocyclic and autocyclic relative sea-level 
changes, as well as the overall pattern of changing paleoenvironments observed. 
Chapter 7 presents the conclusions, summarizing the research findings, limitations of this study, and 
recommendations for future work. 
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CHAPTER 2 
Background to the Western Irish Namurian Basin 
 
2.1 Basin Formation 
The Western Irish Namurian Basin (WINB), also called the Carboniferous Shannon Basin, the Shannon 
Trough, and the Clare Basin, was formed as a result of the suturing of two land masses in the southern 
hemisphere, separated by the Iapetus Ocean: the continent of Laurentia to the northwest and the 
smaller landmass of Avalonia to the southeast.  Northwestern and southeastern Ireland developed 
separately on these two continents, respectively, and the Iapetus Ocean proceeded to close throughout 
the Ordovician and early Silurian (Dewey and Strachan 2003).  Paleomagnetic reconstructions from 
volcanic rocks in southwest England indicate that southern Britain and Ireland occupied a paleolatitude 
of 13 ± 5°S during mid-Silurian times (Trench and Torsvik 1992).  The two landmasses of Laurentia and 
Avalonia collided sometime during the Ordovician Period between the early Wenlock Epoch (428.2 ± 2.3 
mya to 422.9 ± 2.5 mya) and the development of the Acadian Orogeny (Dewey and Strachan 2003), 
which peaked during the Emsian Stage (407 ± 2.8 mya to 397.5 ± 2.7 mya) of the Devonian Period 
(Trench and Torsvik 1992). The contact between these two landmasses is called the Iapetus Suture, and 
resulted in the continental collision which caused the Acadian Orogeny (Figure 2.1). 
At the time of the Namurian Stage (326 to 313 mya) during the Carboniferous Period, Ireland was 
covered by an epicontinental seaway, and the climate was tropical and non-seasonal (Elliott 2000a).  
Periodic (~65,000 k.y.) continental glaciers covered southern Gondwana, which forced changes in 
eustatic sea level.  The structure of the basin itself, as well as regional subsidence, is believed to be 
structurally-confined and tectonic in origin (Pyles 2008).  The basin was formed during the late Devonian 
to early Carboniferous time period.  Interpretations by Besly & Kelling (1988) suggest that the basin 
formation may have been controlled by reactivation of earlier structural lineaments.  Collinson et al. 
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(1991) and Martinsen et al. (2000) summarize the development of the basin, and report that the basin 
center (interpreted as the deepest part of the basin due to subsidence) was located above the Iapetus 
Suture, which runs parallel to the Shannon Estuary, and has an ENE-WSW orientation.  Haszeldine 
(1988) and Collinson et al. (1991) recognized subsidence as fault-related, and formed due to 
transtension along the Iapetus Suture.  The WINB continued to experience regional-scale subsidence, 
controlled by the reactivation of the Iapetus Suture throughout the mid-Carboniferous.  After the 
Namurian strata were deposited, faulting and folding caused by the Variscan Orogeny during the late 
Pennsylvanian and early Permian deformed the basin-fill succession (Coller 1984; Pyles 2008).  The 
Variscan orogeny was a 1000 km wide mountain building-building event involved in the closing of the 
Iapetus Ocean and suturing of the two continents (Laurentia and Avalonia) that was active primarily in 
mainland Europe and SW England, and caused significant deformation in mainland Europe, and less 
deformation in the north (Leveridge and Hartley 2006). 
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Figure 2.1: Illustration from Dewey & Strachan (2003) showing: a) relative positioning of the landmasses of 
Laurentia, Avalonia and Baltica 440 million years ago, before the Iapetus Ocean closed.  Note: Dewey & Strachan 
(2003) propose that Avalonia was a separate landmass from Baltica, not a peninsula as shown.  Rather, it was 
separated from Baltica by the Tornquist sea (Trench and Torsvik 1992).  b) Illustration of the final formation of a 
mega-landmass 420 mya. Note: Ireland is now joined by the Iapetus Suture in the southern hemisphere.   
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2.2 Shannon Group 
2.2.1 Clare Shale Formation 
The Clare Shale Formation records the base of the Shannon Group of the Western Irish Namurian Basin 
and consists of dark grey shale interbedded with black, organic rich shales.  Its age ranges from mid-
Chokierian to mid-Kinderscoutian (~324 to 320 mya), and the Clare Shales display a marked 
unconformity with the underlying shallow shelf facies of the Visean Limestone (Wignall and Best 2000).  
The Clare Shales represent a period of starvation of clastic sediment supply (Collinson et al. 1991).  The 
shales are rich in pyrite and also include fossil assemblages of goniatites, gastropods, detrital crinoids, 
and benthic bivalves including Caneyella, Posidoniella, and Dunbarella.  The pyritization suggests the 
Clare Shale was deposited in a still, anoxic to dysoxic environment (Pulham 1989).  The Clare Shale 
reaches a maximum of 180 meters in thickness in southern County Clare.  The Clare Shale, which 
underlies and laterally interfingers with the Ross Sandstone, contains 0% sandstone and is entirely 
composed of mudstone and siltstone sheets (Pyles 2008).  The Clare Shale Formation is thinner in the 
north (Figure 2.2), about 12m in total thickness, and has been interpreted as representing a shallower 
environment of deposition than in the south (Collinson et al. 1991).  Wignall and Best (2000) contend 
that the Clare Shales in the north instead reflect distal, sediment-starved conditions, rather than a 
shallow basin margin due to the completeness of the formation and the presence of marine bands H2b 
and R1a2 in the north.  The thickest exposure is in County Kerry, on the cliffs at Kilcondy Point Cliff, 
south of Leck Point and north of Ballybunion.  
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Figure 2.2: Geological map of the Shannon Basin, western Ireland.  From Martinsen et al. (2003) 
 
In northern Clare, the base of the Clare Shale occurs as the St. Brendan's Well Phosphate Bed.  This bed 
includes fossils of fish teeth and bones, conodonts, and more rarely goniatites and crinoids.  The St. 
Brendan's Well Phosphate Bed is also burrowed at the top by Rhizocorallium and Diplocraterion.  The 
presence of phosphate beds at the base of the Clare Shale formation is considered to be enigmatic, and 
they simply mean that the sediments accumulated slowly over a long period of time, in more shallow, 
oxygenated waters than the rest of the formation (Wignall and Best 2000).  The phosphate group at the 
base of the Clare Shale Formation is variable in thickness and consists mainly of black shales, with some 
calcareous and iron pyritic zones.  Fish scales and other undetermined fossils are the only fossils found 
in the phosphorite (Hodson 1954a).  Hodson (1954a) interpreted the paleogeography to be one of "quiet 
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lagoons separated by low, probably submerged ridges."  He went on to explain that the "lagoons would 
be situated offshore from low-lying ground, and would be cut off from the oxygen-circulating currents of 
the main body of the ocean by some current barrier which may have been in the nature of a steep 
subaquatic slope."  Hodson (1954a) conducted pioneering work on the Clare Shales and subdivided the 
formation into the lower phosphate group (~0-3m thick), the middle goniatite shale group (~12m), and 
the upper sandy shale group (~24m).  The upper sandy shale group was later excluded from the Clare 
Shale Formation by (Hodson and Lewarne 1961). 
The middle group, the goniatite shale group, consists of black shales with a large degree of scattered 
iron pyrite  and siderite.  The largely unfossiliferous, scattered nodular, and banded siderite concretions 
(a single Calamites stem was found by Hodson (1954a)) were expressed by Hodson (1954a) as clay-
ironstone.  Hodson (1954a) also found several banded concretions of carbonates, containing abundant 
goniatites and nautiloids, and uncommonly pelecypods, gastropods, brachiopods, and driftwood 
fragments. 
Nine goniatite fossil bands, representing separate condensed periods of fully marine influence (Figure 
2.3) were identified in County Clare by Hodson (1954a).  The list was expanded by Cope (1993) to 
complete the goniatite stratigraphy of the Namurian in all of Ireland and Great Britain (Figure 2.4). 
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Figure 2.3: Goniatite bands of the Clare Shale Formation. Bands A through E are Homoceras (abbreviated H) stage 
or "Sabdenian" (Chokierian to Alportian) in age.  Bands F through I are included in the Reticuloceras (abbreviated 
R) stage and are "Kinderscoutian" in age; from Hodson (1954a). 
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Figure 2.4: Complete goniatite biostratigraphy of the Namurian in Ireland and Great Britain, from Cope (1993). 
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Subsequent research by Collinson et al. (1991) and Wignall & Best (2000) has summarized the goniatite 
bands through the entire Clare Basin (Figures 2.5a and 2.5b). 
 
 
Figure 2.5a: Illustration summarizing the correlation between the lithostratigraphy and biostratigraphy of the 
Namurian outcrops of northern County Clare and the northern shores of the Shannon Estuary. From Wignall & Best 
(2000), after Hodson (1954a) and Hodson & Lewarne (1961). 
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Figure 2.5b: The correlation of Wignall & Best (2000) of the primary outcrops of the lower Namurian in County 
Kerry and County Clare.  This plot illustrates the succession as it thins to the north relative to near the Shannon 
Estuary, as well as the diachronous base of the Ross Sandstone. 
 
2.2.2 Ross Formation 
The Clare Shales are overlain by the Ross Formation, a ~400m thick deep-sea turbidite succession which 
represents a major increase in sediment supply.  The Clare Shales represent a broad deepening 
sequence that culminated in the increased sediment supply represented by the turbiditic sandstones of 
the Ross Formation.  While the previously mentioned Clare Shale Formation contains no sandstone, the 
Ross Formation consists of approximately 60% sandstone and is composed of lobes, channels, slumps 
and mudstone sheets (Pyles 2007; Pyles 2008). 
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The Ross Formation is exposed along the northeastern coast of County Kerry and southwestern County 
Clare along the Loop Head Peninsula.  The sandstones of the Ross Formation are sheet-like and vary in 
thickness from a few centimeters to meters in thickness, and are interbedded with thin silty mudstones 
and shales (Wignall and Best 2000).  The formation is thickest in south Clare at Loop Head, and thins to 
the north, east, and south (Figure 2.6). 
 
Figure 2.6:  Illustration showing relative thinning of the Ross Sandstone to both the North of County Clare and 
North Cork; from Martinsen (2003). 
 
Several papers including Chapin et al. (1994), Elliott (2000a; 2000b), Martinsen et al. (2000), Wignall and 
Best (2000), Martinsen and Collinson (2002), Lien et al. (2003) and Pyles (2009) have described detailed 
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work on the Ross Formation.  Broadly speaking, the Ross Formation consists of small, stacked sand-rich 
submarine fans, with paleocurrent directions indicating a source from the southwest.  The Ross 
Sandstone outcrops has been interpreted as an aggradational (rather than progradational) set of 
stacking sheet and channel turbidites (Chapin 1994).  The stacks of fine-grained, structureless sandstone 
are commonly capped by thin ripple-laminated segments, with each event bed averaging around 30cm 
thick.  The beds sometimes amalgamate into larger sandstone units that are several meters thick.  
Often, the beds are erosively based with flutes, grooves and load casts.  Other beds in the Ross 
Formation are well-laminated, very fine grained sandstone and are typically around 5cm thick or less 
(Elliott 2000a). 
Several models have been proposed to explain the depositional system of the Ross Formation.  The 
mainstream interpretation proposes a deep marine, submarine fan system which fed turbidites to the 
Clare basin (Rider (1974), Collinson et al. (1991), Chapin (1994), Pyles(2008), Wignall and Best (2000)).  
Paleocurrent data presented by Pyles (2008) indicates a clockwise rotation of transport direction 
through time, with the Ross Sandstone recording flow to the north.  One of the submarine fan channels 
is accessible in outcrop above the Ross Slide at the Bridge of Ross.  The infill of the channel contains 
trough cross bedded sandstones with dewatering, mudclast conglomerates and debris flows, and well 
rippled sandstones (Wignall and Best 2000).  Megaflute scours range between a few meters to 20 m 
wide and up to 3.5 m deep, and record flow to the NE (Wignall and Best 2000).   
The study of the Ross Formation by Pyles (2008) summarized several significant observations regarding 
the Ross Sandstone and its importance in the Clare Basin: 
- Condensed sections, which are regionally continuous, are interpreted as reflections of sea 
level rise when little or no sediment reached deeper parts of the basin. 
- Strata are thickest at the Loop Head Peninsula and thin in all directions.  Thickness patterns 
in the Ross Sandstone form an elongate trend that overlies the inferred position of the 
16 
 
Iapetus suture.  This suggests that the Ross Sandstone inherited basin topography defined 
by the underlying Visean Limestone. 
- Aggradational stacking patterns document a fixed depocenter, in contrast with a basinward-
moving depocenter that would produce prograding stacking patterns.  The fixed depocenter 
represents the medial portion of the submarine fan located over the Iapetus Suture.  This 
may have led to subsidence during the Ross Sandstone deposition. 
- The Ross Sandstone both overlays and interfingers the Clare Shale Formation, recording 
coeval deposition. 
- Sediment accumulation rates of the Ross Formation exceeded subsidence rates of the basin. 
- Strata deposited in the basin did not spill into adjacent basins, leading to ponded submarine 
fans. 
- Regional paleocurrents for the Ross Formation express a fanlike pattern radiating away from 
the present day Dingle Peninsula. 
- Paleocurrent data in the upper Ross Formation have a bimodal distribution, with channels 
and lobes sourced from the west, and slumps sourced from the west.  The western sourced 
slumps may represent a period in which the overlying Gull Island Formation and the Ross 
Formation unstable slope depositional systems coexisted.  This is exemplified by the 
gradational contact between the Ross and Gull Island Formations. 
- The Ross Sandstone is dominated at all stratigraphic levels by lobes.  The vertical increase in 
channels and slumps represents a decrease in both lobes and sandstone percentage.  The 
upper Ross Formation has greater architectural diversity than the lower and middle. 
The Ross Formation culminates at a boundary with the Gull Island Formation at the Reticuloceras 
dubium (R1a5) goniatite band (Figure 2.4). 
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2.2.3 Gull Island Formation 
The Gull Island Formation is the uppermost formation of the Shannon Group and comprises a 550m 
thick unit of interbedded siltstone and sandstone in southern County Clare (Wignall and Best 2000).  
Bound at the bottom by the Reticuloceras dubium (R1a5) marine band, it is characterized by large-scale 
soft-sediment deformation, dominantly showing a movement direction to the NE.  Unlike the rest of the 
WINB, the Gull Island Formation does not contain any goniatite marine bands.  However, marine bands 
below the Gull Island and above the Tullig Cyclothem are considered to be excellent correlation markers 
for this basin (Martinsen et al. 2003). 
The best exposures of the Gull Island Formation are north of Loop Head, and can be divided into upper 
and lower sections.  The Gull Island Formation contains packages of turbiditic sandstones, which were 
deposited in 1 m thick sheets, with packages up to 15 m thick.  These packages comprise between 25 
and 50% of the Gull Island Formation, while the rest of the formation is composed of siltstones that 
display soft-sediment deformation.  The siltstones display an enormous range of soft-sediment 
deformation features including slumps, slides, and growth faults (Collinson et al. 1991; Gill 1979; 
Martinsen et al. 2003; Wignall and Best 2000).  Gill (1979) and Collinson (1991) report dominant 
transport directions of the turbidites and slumps to be to the ESE to SE.  However, Wignall and Best 
(2000) tested this proposal at White Strand, near Killard, which exposes the upper half of the Gull Island 
Formation.  Wignall and Best (2000) found that paleocurrent directions dominated to the NE, and any 
flow directions to the S and SE were confined to thin sandstones situated above two major slumps in the 
lower part of the section.  Wignall and Best (2000)believe that these major slumps might have created 
topography, which in turn, deflected or reflected small turbidity currents, thus supporting a maintained 
NE flow.  The most recent model by Martinsen (2003) illustrates a NE flow of turbidity currents (Figure 
2.7). 
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Figure 2.7:  Depositional model for the Gull Island Formation from Martinsen (2003), illustrating possible relative 
movement direction of turbidity currents and a NE-SW striking slope. 
 
In northern County Clare, the Gull Island Formation is equivalent to the inaccessible Doonagore 
Shale Formation, which can be viewed on the cliffs between Fisherstreet Bay and the Cliffs of Moher.  
This section is approximately 100m thick and is composed of undisturbed siltstones with a single 7- to 8-
m-thick lenticular sandstone unit (Wignall and Best 2000).  This is interpreted by Wignall and Best (2000) 
as a feeder channel, similar to that present  in the Ross Formation at the Bridge of Ross and near 
Kilbaha. 
The lower section of the Gull Island locality (Figure 2.2) is the main part of the formation because it 
reaches a maximum thickness of approximately 420m in the southwest and a minimum of 50m at 
Fisherstreet in the north (Martinsen et al. 2003).  There are three primary lithofacies of the Gull Island 
Formation: 1) sparse, undeformed shales, 2) deformed mudstones, 3) tabular and lenticular packages of 
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mostly soft-sediment deformed, fine-grained sandstone beds (Martinsen et al. 2003).  The shales of the 
Gull Island Formation are ~2m thick or less in thickness, and the most easily recognizable is the bed at 
the base of the formation.  The upper of two goniatite bands at the base of the Gull Island outcrop 
defines the lower boundary of the Gull Island and the top of the Ross Formation.  These two goniatite 
bands are closely separated in west Clare, but can be separated by up to 60m of sandstone in locations 
such as Leck Point and Ballybunion. 
The interpretation presented by Martinsen (2003) explains the Gull Island Formation as an 
onlapping/sidelapping, basin floor system, and that the formation was linked to an advancing slope 
succession.  The enormous amount of slumping suggests a very unstable slope, and that the turbidites 
were not deposited on this slope, but rather at the base of the slope.  The high proportions of sandstone 
at Ballybunion and Carrigaholt may be indicators of close proximity to the basin axis.  The greater 
abundance of slumps in the lower section of the Gull Island locality suggests that this area was at the 
unstable lateral slope zone. 
The upper section of the Gull Island Formation (Figure 2.8) exhibits a coarsening-upward pattern and 
decreasing turbidite sedimentation.  This, according to Martinsen (2003), suggests that the basin 
physiography and bathymetry changed during the deposition of the upper portion.  It also may indicate 
the early progradation of the Tullig delta system slope (Figure 2.8).   
The upper Gull Island Formation and the lower Tullig Cyclothem are likely to be of similar origin, as the 
contact between these two formations is difficult to define.  The Gull Island Formation is succeeded in 
an entirely gradational fashion by the Tullig Cyclothem, and arbitrary boundary between the two was set 
by Collinson (1991) as the top of the uppermost major deformed unit of the Gull Island Formation.   
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Figure 2.8: Depositional model for the Upper Gull Island Formation, from Martinsen et al. (2003). 
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2.3 Central Clare Group 
2.3.1 Tullig Cyclothem 
The Tullig Cyclothem has been interpreted by Pulham (1989) as recording  a prograding delta system 
(Figure 2.9).  The cyclothem has no goniatite marine band at its lower boundary, and is capped by the 
Reticuloceras stubblefieldi (R1b3) goniatite marine band.  The Tullig Cyclothem is the first of five 
cyclothems in the WINB, which include the Tullig, Kilkee, Doonlicky, Cyclothem IV, and Cyclothem V 
respectively.  Each of these cyclothems has been interpreted as recording the progradation of the 
deltaic system which culminates in distributary channel sandstones (such as the Tullig and Kilkee 
Sandstone); (Pulham 1989; Rider 1974; Wignall and Best 2000).  Regarding the Tullig Sandstone, the 
supply of fluvial sand to the basin moved landward as sea level transgressed to its maximum, leading to 
the development of marine strata and ultimately the Reticuloceras stubblefieldi goniatite marine band at 
the top of the Tullig cyclothem.  The Tullig cyclothem reaches over 100 m in total thickness in some 
localities, from siltstones to fine sandstones.  Wave rippled bedding tends to increase upwards, and this 
pattern has been associated with the first shallowing through the storm wave-base of the basin 
(Collinson et al. 1991).  There is some debate on the direction and orientation of the prograding delta 
system which deposited the sediment of the Tullig cyclothem.   
Pulham (1989), Collinson et al. (1991), Martinsen & Collinson (2002), Martinsen et al. (2003) suggest 
that the paleocurrents within the Tullig Sandstones originated from the NW, while Wignall & Best (2000) 
and Stirling (2003) support a hypothesis that includes a domination of sediment source from the SW.   
In the subsequent chapters, this thesis will examine these disagreements using detailed data, 
descriptions and new interpretations from the transgressive part of the upper Tullig cyclothem, 
beginning from the top of the fluvial Tullig Sandstone and ending at the Reticuloceras stubblefieldi 
(R1b3) marine band.   
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Figure 2.9:  From Pulham (1989) at Trusklieve, Co. Clare.  The photo shows the middle section of the Tullig 
Cyclothem, and three delta-plain coarsening-upward sequences.  The bottom of the photo shows the first 
coarsening up sequence, the mouth bar sand, which culminates here with a 2 m thick fine sandstone bed.  This was 
produced by basin-wave reworking during local abandonment of the Tullig Delta front.  The middle of the three 
coarsening up sequences begins above the mouth bar sandstone. This sequence is 6 m thick and represents 
progradation and aggredation of a subaqueous levee.  The third coarsening up sequence begins with 
interdistributary bay siltstones, and is capped by the fluvial channels of the Tullig Sandstone. 
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2.3.1.1 Lower Tullig Cyclothem 
The lower part of the Tullig Cyclothem is the thickest portion of the delta-front sequence and is located 
between the top of the last major deformation of the Gull Island Formation and the base of the Tullig 
Sandstone.  It represents the progradation of the Tullig Delta into relatively deep water (50-150 m) and 
makes up a major component of the cyclothem (Figure 2.10) (Pulham 1989).  Pulham (1989) reports that 
there is little variability between sections exposing the lower part of the Tullig Cyclothem.  The lower 
Tullig cyclothem consists of sideritic mudstones that coarsen up to laminated siltstones, and represent 
deposition of clays and silts from suspension in prodeltaic and distal mouth-bar settings.  According to 
Wignall & Best (2000), the lower Tullig sediments in the south show sedimentary characteristics which 
range from oscillatory wave ripples with reversing current directions at Trusklieve, to thinly interbedded 
sandstones and siltstones with trace fossils (Asterichnus, Limulicubichnus and Arenicolites) indicative of 
brackish conditions at Killard.  A thin shale bed containing plant debris immediately underneath the 
Tullig Sandstone represents interdistributary bay facies (Pulham 1989; Wignall and Best 2000).  
Pulham (1989) reported several major coarsening-upward parasequences in this unit at a locality near 
the town of Trusklieve, and was described as follows.  The lowermost parasequence at this locality was 
interpreted to be deposited as part of a delta-front coarsening-upward sequence culminating in axial 
river-mouth-bar sandstones.  This unit is capped by a 2 m thick sandstone bed produced by basin-wave 
reworking during local abandonment.  The second parasequence is approximately 6 m thick, and 
coarsens upward, exhibiting the progradation and aggradation of a subaqueous levee.  This is followed 
by interdistributary bay mudstone and siltstone, and finally by erosively-based multistory sandstone 
channel unit up to 35 m thick. 
The lower portion of the Tullig Cyclothem exhibits repeated sequences of delta front progradation into 
50-150 m deep water (Pulham 1989).  These sequences consist of sideritic mudstones and laminated 
siltstones, interpreted to be deposited from suspension in prodeltaic and distal mouth bar settings.  At 
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Killard, Pulham (1989) described and interpreted the delta plain coarsening upwards parasequences, 
producing graphic logs of the lower Tullig cyclothem, interpreting it as wave-influenced bay-mouth 
sequences.  At Killard (Figure 2.11), the mudstones of the lower Tullig cyclothem coarsen upward to 
siltstones interbedded with thickening-upward, wave-rippled sandstone beds.  The coarsening-upward 
pattern was interpreted as due to minor mouth bar progradation, with wave action and bioturbation 
suggesting a wave-influenced, brackish bay-mouth setting.  Above the minor mouth bar progradations, 
the presence of carbonaceous fine siltstones and mudstones, drifted plant debris, and small rootlet 
horizons increase.  The silt and mud in this portion were interpreted as clay and silt deposited from 
suspension in a quiet-water, emergent to near-emergent interdistributary bay.  These sediments are 
overlain by erosive distributary channel sandstones known as the Tullig Sandstone unit. 
2.3.1.2 Tullig Sandstone 
In the Tullig cyclothem, erosive fluvial channels form stacked sequences reaching up to 70 m in thickness 
(Pulham 1989).  The Tullig Sandstone contains up to six individual channel layers that are up to 10 m 
thick, and contains mudclasts and wood debris (Wignall and Best 2000).  The lower channels at 
Trusklieve (Figure 2.11) contain thin shale layers that contain Hemicycloleaia, which are trace fossil 
burrows that are interpreted to indicate a freshwater sediment origin (Wignall and Best 2000).  Pulham 
(1989) hypothesized that the Tullig Sandstone was deposited by channels from the north, flowing 
primarily to the northeast, indicating a birdsfoot type delta planform shape.  Internally, the fluvial Tullig 
sandstones contain mainly stacked, unidirectional, sinuous dunes with northerly-dipping cross-sets 
which range from several decimeters to 1 m in thickness (Wignall and Best 2000).  The data collected 
from these dunes was used by Wignall and Best (2000) to calculate an estimated maximum flow depth 
of between 5 and 8 m, using an approximated ratio of dune height to flow depth (0.25-0.40).  The Tullig 
Sandstone unit is capped by thin bioturbated sandstone (Wignall and Best 2000). 
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Figure 2.10:  SSW-NNE orientated cross-section of the Tullig Cyclothem from Tullig Point to Trusklieve (see map, 
Figure 2.11); from Pulham (1989).  Cross-section is normal to the principal E and SE paleocurrent directions 
measured by Pulham (1989). 
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Figure 2.11: Map of west County Clare from Pulham (1989), who described the lower Tullig Cyclothem deposits at 
Tullig Point, Trusklieve, and Killard. 
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2.3.1.3 Upper Tullig Cyclothem 
The upper part of this cyclothem is situated between the top of the Tullig Sandstone and the 
Reticuloceras stubblefieldi (R1b3) goniatite marine band (referred to as the Phillipsoceras aff. 
Stubblefieldi by Wignall and Best (2000)).  This section is highly variable (Wignall and Best 2000) and  
Pulham (1989) believes this reflects contrasting axial and lateral river-mouth-bar settings.  Wignall and 
Best (2000) report three marine bands in this section: 1) several decimeters of dark shaley mudstone, 
which contains pyritized protobranch bivalves and articulate brachiopods (productids and chonetids).  2) 
and 3) Two identical lower marine bands containing thin beds of dark grey and black shales that contain 
orthocone nautolids, Dunbarella, Caneyella, crinoids and Reticuloceras stubblefieldi (R1b3).  Wignall and 
Best (2000) also assign the middle of these three as the base of the Kilkee Cyclothem, and include the 
third band as somewhere within the Kilkee Cyclothem. 
In the north of County Clare at the Cliffs of Moher, the upper Tullig contains all three marine bands 
within 3 m of strata, all separated by unfossiliferous shales; however,  in the south these bands are 
separated by nearly 100 m of strata, and record the development of two distinct coarsening-upward 
sequences (Wignall and Best 2000). 
 At Moore Bay (outcrops in the town of Kilkee, referred to in this thesis as Diamond Rocks, Pollock Holes, 
and George’s Head), Wignall and Best (2000) and Gill (1979) report a lower coarsening-upward 
parasequence characterized by a 30 m thick sandbody, which is penetrated from below by mud diapirs.  
This sandstone unit within the upper Tullig Cyclothem is referred to as the Moore Bay Sandstone, and 
contains several meter-scale trough cross-bedded horizons, with mostly broad, low-amplitude swaley 
cross-stratification, upper-stage plane beds, and wave rippled surfaces (Wignall and Best 2000).  These 
features are interpreted to be storm- and wave-generated, and characterize the Moore Bay Sandstone 
at all outcrops.  At the Trusklieve outcrop, Wignall and Best (2000) report common escape traces and 
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Planolites bioturbation near the top of the Moore Bay Sandstone, within thin silty shales that contain 
sporadic fragmented brachiopod lenses. 
The second major coarsening up sequence of the upper Tullig cyclothem, according to Wignall and Best 
(2000), contains another 2 m thick shaley coarsening up sequence at the Cliffs of Moher, which expands 
to 16 m at Kilkee, and over 60 m at Tullig Point, where a thick, oscillatory-rippled sandstone body caps 
the .  This sandstone displays well-developed flagstone-like sections covered by sinuous Scolicia traces. 
 The occurrence of marine facies above the fluvial Tullig Sandstone signifies a marine transgression and 
increased marine influence into the basin (Davies and Elliott 1996; Wignall and Best 2000).  Davies and 
Elliott (1996) designated the strata between the lowest (initial) flooding surface and the upper 
(maximum) flooding surface as a transgressive systems tract.  Wignall and Best (2000) explain that tracts 
like this are often characterized by retrogradation towards the hinterland, defined as the retreat of 
sedimentation towards the basin margin and spread of sediment-starved conditions in basinal locations.  
This suggests that the dramatic condensation at the Cliffs of Moher supports a deep, more distal, basinal 
paleogeographical location at this locality, whereas the larger section at Tullig Point indicates that the 
basin margin is toward the south. 
2.3.2 Kilkee Cyclothem 
The Kilkee Cyclothem contains a similar stratigraphy to the underlying Tullig Cyclothem (Wignall and 
Best 2000), and is bound at the bottom by the Reticuloceras stubblefieldi (R1b3) and at the top by the 
Reticuloceras reticulatum (R1c1) goniatite marine bands.  The Kilkee Cyclothem contains smaller 
coarsening upwards parasequences than the underlying Tullig Cyclothem, and an overall coarsening-
upward trend which culminates in another major erosive-based, multi-storied sand body (Pulham 1989; 
Wignall and Best 2000).  This sandstone, the Kilkee Sandstone, shows flow directions that indicate 
predominant flow to the southeast (Pulham 1989; Rider 1974; Wignall and Best 2000), contrary to the 
northeastern dominating flow of the underlying WINB formations (Wignall and Best 2000). 
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2.3.3 Doonlicky Cyclothem and Cyclothems IV and V 
The Doonlicky Cyclothem directly overlays the Kilkee Cyclothem, and is bound by the Reticuloceras 
bilingue (R2a) marine band at its top.  A mature paleosol can be found within the Doonlicky Cyclothem 
at Spanish Point, and a fluvial sandbody can be found south of Kilkee, and both of these are considered 
coeval (Davies and Elliott 1996; Pyles 2008; Wignall and Best 2000).  Paleocurrent directions indicate 
flows oriented between NE and SE, and displacement of synsedimentary faults indicate paleoslopes to 
the northeast, and locally to the east (Rider 1978; Wignall and Best 2000).  
The Doonlicky Cyclothem is followed by Cyclothem IV (capped by the Reticuloceras bilingue, R2b, marine 
band) and Cyclothem V (capped by the Reticuloceras superbilinguis, R2c, marine band) (Cope 1993; Pyles 
2008). 
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CHAPTER 3 
A Review of Sea-Level Change: Controls in the Past and Present 
Understanding the changing environments that progress during a rise in sea-level is essential to the 
study of ancient deposits in County Clare, which record significant environmental changes through time.  
Major environmental changes are evident by the wide variety of clastic deposits in the Clare Basin.  
Many of these changes are a result of fluctuations in relative sea-level, either on a regional or global 
scale.  This chapter will introduce past work regarding sea-level fluctuations, both in the distant and 
recent geological record, and focus on a key feature at the top of the Tullig Cyclothem: transgressions. 
3.1 Cycle orders and introduction to depositional systems 
The rise in relative sea-level which results in a landward shift of the coastline is called a transgression.  In 
the history of the Earth, the continents have been flooded many times, however the geologic record is 
not always a reliable measure of eustatic (global sea level) changes because variations in subsidence and 
sediment supply also may influence shoreline location (Miller et al. 2005).  A transgression is part of a 
cyclothem or a sedimentary record of a single sequence of transgressive deposits before, or after, a 
period of regression (sea-level fall).  Cyclothems are subdivided by their time scale, and the rates at 
which the sea level changes are divided into cycle orders (Haq et al. 1987; Miller et al. 2005): 
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Table 3.1: This table presents cycle orders and associated stratigraphic units, durations, sea level amplitudes and 
rise/fall rates. 
Tectono-Eustatic/ 
Eustatic Cycle Order 
Sequence 
Stratigraphic Unit 
Duration 
(years) 
Relative Sea Level 
Amplitude (m) 
Relative Sea Level 
Rise/Fall Rate 
(cm/1000yr) 
First Megasequence 100-200 million - <1 
Second Supersequence 10-100 million 50-100 1-3 
Third Depositional Sequence 1-10 million 50-100 1-10 
Fourth High Energy Sequence, 
Parasequence and 
Cycle Set 
100,000 to 1 million 1-150 40-500 
Fifth Parasequence, High-
Frequency Cycle 
10,000-100,000 1-150 60-700 
 
The terms transgressive and retrogradational refer generally to the landward migration of a coastline, 
which can be characterized by either barrier-island complexes or estuaries.  Likewise, the terms 
regressive and progradational refer to the seaward migration of a coastline, and are identified by fluvial, 
wave and tidal processes.  The deposits of transgressions can be fully marine, shallow water, estuarine, 
fluvial or paleosol in nature (Allen and Posamentier 1993; Cattaneo and Steel 2003).  In marine settings, 
a depositional sequence is characterized by a set of systems tracts and boundaries in the following 
order: 1) sequence boundary, 2) lowstand systems tract, 3) transgressive surface, 4) transgressive 
systems tract, 5) maximum flooding surface, 6) highstand systems tract, and 7) sequence boundary 
(Holland 1995).  A sequence boundary (SB) is created by a fall in sea-level, and is characterized by an 
unconformity updip, and a correlative conformity downdip.  The unconformable boundaries are created 
by down-cutting erosion during the maximum regression before a lowstand, a time period of relatively 
low sea-level.  A lowstand systems tract (LST) is a set of depositional systems during low sea level after 
the formation of the sequence boundary, typically comprising of a lowstand wedge (shelf-edge deltas 
and shorelines) and a lowstand fan (basin-floor submarine fan).  A transgressive surface, or initial 
flooding surface (IFS), marks the first major flooding and an increase in the rate of sea-level rise.  In the 
absence of lowstand deposits, the initial flooding surface may coincide with an underlying 
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unconformable sequence boundary.  A transgressive systems tract (TST) is the section between the 
underlying transgressive (initial flooding) surface, and the maximum flooding surface.  Typically, the TST 
shows a set of shallowing-upward back-stepping parasequences, and an overall deepening-upward 
succession.  A parasequences is a succession of beds bound by marine-flooding surfaces, which are 
formed by an abrupt increase in water depth, are typically one to several meters thick and commonly 
represent tens to hundreds of thousands of years (Holland 1995).  A maximum flooding surface (MFS) 
(or downlap surface) signifies the peak of a transgression.  This surface is a condensed section, the 
preservation of a long geologic timespan within a relatively thin layer of sediment, which occurs 
between the transgressive and highstand systems tracts.  The slow accumulation of sediment allows for 
shell fragments and fossil beds to occur, and can allow time for burrowing organisms to rework 
sediment.  The condensed MFS represents a sediment-starved phase when the rapidly rising sea level 
moves the sediment depocenters landward (Kidwell 1991).  A highstand systems tract is the set of 
parasequences overlying the maximum flooding surface, and represents a period in which the rise in 
sea-level slows, and then begins to fall (Haq et al. 1987; Holland 1995).  The variability in these 
transgressive deposits are high both stratigraphically and laterally due to the numerous conditions 
controlling the deposition (e.g. rates of sediment supply, rates of sea level rise, geologic setting, and 
unique basin characteristics), and thus there are no absolutely typical deposits in a transgression 
(Cattaneo and Steel 2003). Cattaneo and Steel (2003) suggest using physical recognition of characteristic 
features of transgressive deposits as the best way to overcome the problem of the enormous variability.  
Each distinct surface within a transgression can be used to mark significant events within the rise in sea-
level.  These surfaces can indicate differences in the progression of sea-level rise, such as a continuous 
or punctuated transgression.   
Cattaneo and Steel (2003) indicate two main criteria for identifying transgressive deposits: 
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1) Evidence for movement of the shoreline towards the land causing a landward shift in facies.  
Punctuated transgressions followed by brief regressions indicate a possible outmatching of sediment 
supply rates to the increase in accommodation space.   
2) Evidence for an increase in facies indicating deeper water, which culminate at the maximum flooding 
surface.  Fundamentally these show a fining-upward trend which suggests a transition from higher 
energy to lower energy environments.  This trend can vary significantly due to the high variability in local 
sediment supply.  Because sediment supply can be variable in a basin, good knowledge of the basin is 
required in order to accurately trace key transgressive surfaces laterally.   
Comparatively, ancient transgressive successions have been well-studied in sand-dominated outcrops of 
limited lateral extent, while modern systems have been sampled and imaged much better spatially, 
particularly in mud-dominated environments.  It is also thought that ancient transgressive deposits tend 
to record longer time intervals and record less stratigraphic resolution than more modern systems 
(Cattaneo and Steel 2003). 
3.2 Stratigraphic response to transgression 
Shallow marine environments have been characterized by the shoreline response to sea-level change.  
These environments are controlled by the balance between sediment supply and accommodation space 
available.  Sediment is supplied by rivers, deltas, and reworking of shelf deposits, while accommodation 
is created by a combination of sea level rise and subsidence.  In such cases where the sediment supply is 
greater than the pace of sea-level rise and subsidence, progradation will occur.  On the other hand, if 
the sediment supply rate is lower than the rates of sea-level rise and subsidence, the shoreline will 
migrate landward.  Therefore landward migration of the shoreline may occur as a result of sea-level rise 
or as a consequence of reduced sediment supply (Figures 3.1 & 3.2), e.g. delta lobe avulsion and 
autoretreat (Howell et al. 2008).  Autoretreat is a process identified by Muto & Steel (1992; 1997) at 
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which under a steady rate of sea-level rise and constant sediment supply, the delta front would 
prograde (move seaward) even while the coastline was retreating.  The advance of the delta front is thus 
“automatically” replaced by a retreat. 
In some cases, after the coastline has retreated, there is a delayed response to increased sediment 
loading which may result in shelf edge failure.  As a result, deep-water deposition during the early stages 
of transgression may create low-efficiency turbidite systems of limited extent (Posamentier and Allen 
1993).  
Figure 3.1 
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Figure 3.1: From Howell et al. (2008), after (Boyd et al. 1992).  Shallow marine shoreline classifications based on 
shoreline movement and depositional processes.  The dashed black box represents the extent of the study by 
Howell et al. (2008). 
 
Figure 3.2: From Boyd et al. (1992).  Graph illustrating the effects of the balance between rate of relative sea level 
change and rate of sediment supply.  Note that a high rate of sediment supply coupled with a rise in sea level can 
cause depositional regression. 
  
Boyd et al. (1992) differentiated between wave-dominated estuaries, tide-dominated estuaries, and 
lagoons.  In the case of wave-dominated estuaries, the deposits are geomorphologically-complex and 
are separated from the marine environment.  Two sources of sediment feed wave-dominated estuaries, 
marine and fluvial.  The fluvial sediment is supplied by the delta, while the marine sediment comes from 
wave, tidal and continental aeolian processes to form tidal deltas and washovers.  Lagoons are similar in 
fashion to wave-dominated estuaries, except for the lack of infill from a fluvial sediment source.  Tide-
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dominated deltas have the same sources of sediment as wave-dominated, but the infilling only occurs 
due to progradation of the delta (e.g. Bay of Fundy or the Severn Estuary) (Boyd et al. 1992).   
Cattaneo and Steel (2003) explain that in coastal plains there are two key transgressive systems:  
estuaries in transgressed deltaic or valley areas which develop at the turnaround from regression to 
transgression, and barrier-lagoon systems in transgressed strand plains (Figure 1).  The sediment infill 
within estuaries is considered to be complex due to the interaction of marine (wave and tidal) and fluvial 
processes (Cattaneo and Steel 2003; Reinson 1992).  Reinson (1992) explains that deposits of estuaries 
and lagoons can consist of any or all of the following facies: tidal deltas, inlets, shoals, back-barrier 
beaches and spits, washover fans, swash and point bars, tidal flats, marshes, stream banks, and 
channels.  Any organic coal and peat deposits are typical of marsh and swamp environments and are 
usually thin, having formed on sand and mud flats of the lagoonal margin and washovers.  Sand facies 
suggest washover deposits, and fine grained facies suggest subaqueous lagoon and tidal flats adjacent to 
the barrier.  There are also characteristic trace fossil assemblages which indicate brackish conditions. 
Bridges (1976) discussed the preservation of transgressive barrier islands from the lower Silurian in 
southwest Wales.  In the studied setting, sediments were preserved in the following sequence: lagoon, 
barrier islands, and shallow open marine.  In lagoonal sediments, which are characterized by sandy 
mudstone facies, bioturbation is prevalent.  These compare well with sediments of modern lagoons, 
while thin, weakly laminated sandstones may be a result of washovers or close proximity to a flood-tidal 
delta.  The barrier islands were characterized by sandstone and conglomerate facies ranging from 0.15 
to 8.0 m in thickness, with interbedded mudstones.  Thin sandstones are coarse and well sorted, and 
thicker sandstones display large-scale concave foresets, subhorizontal lamination, bioturbation horizons, 
and pebble bands.  Fossil content contains Lingula, Camarotoechia, Eostropheodonta, tentaculitids and 
crinoids. 
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Allen & Posamentier (1993) described in detail the infill of the incised valley of the Gironde Estuary in 
France.  The valley incisions occurred during fall in relative sea level, and a subsequent rise in sea level 
accrued sediment to fill the incised valley during the Holocene (Figure 3.3).  The infill of sediment within 
incised valleys can be highly complex.  Present-day estuaries originated during the late Pleistocene 
eustatic sea level fall as fluvial incised valleys, and were drowned during the subsequent Holocene sea-
level rise, and have since been filled with sediment.  The source of this sediment may be a combination 
of fluvial and tidal input.   
 
 
Figure 3.3: Illustration depicting the incised valley formed during regression (A) which filled in as an alluvial plain 
above the sequence boundary.  B shows the beginning of the transgression which creates a transgressive surface, 
and shifts the alluvial plain landward.  C and D depict the formation of the transgressive estuary and the main 
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features accompanying the change.  C represents maximum marine flooding, creating a blanket of estuarine mud 
and a landward migration of the tidal inlet; and D depicts a stillstand, when sea-level remained mostly stable, 
allowing for further progradation of the delta. From Allen & Posamentier (1993).   
 
Carboniferous-age cyclothems were studied by Gibling and Bird (1994) in the Sydney Basin in Nova 
Scotia.  The Sydney Basin, bounded by active faults during the Carboniferous, is part of a group of basins 
attributed to differential subsidence over faulted basement blocks.  Coal seams up to 4.3 m thick extend 
over 45 km across the onshore part of the basin.  The coal is overlain by a thin unit of carbonaceous 
limestone and shale. The beds are up to 1 m thick, pale to dark grey with horizontal to wavy lamination.  
Micritic calcite dominates, with dolomite, siderite, detrital silicates and pyrite also occurring, and 
included rare bioturbation and Stigmaria roots.  In the cyclothems of the Sydney Basin, three broad 
facies were identified: gray bay-fill and flood-plain deposits, distributary channel deposits, coal, and 
carbonaceous limestone and shale.  The Sydney paleovalleys were found to have been incised during 
sea-level lowering and filled in during sea level rise. 
Hwang and Keller (2002) discussed the presence of transgressive lag deposits within the Star Point 
Formation in central Utah.  The consequent wave reworking during sea level rise produces ravinement 
surfaces in transgressive systems tracts.  They described five controls on the distribution, thickness and 
composition of transgressive lag: 1) the “original thickness” and “caliber” of pre-existing deposits, 2) the 
effectiveness of waves, tides and currents in reworking pre-existing deposits in both landward and 
seaward directions, 3) the preceding history of sea level change, 4) the rate and episodicity of sea level 
rise, which can influence the rate that wave processes can affect the sea floor, and 5) pre-existing 
topography, which coarse grained lags develop around positive topography such as mouth bars, barrier 
islands, beaches and distributary channel levees. 
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3.3 Washover deposits 
One characteristic response to a sea-level rise is the process of barrier retreat (Cattaneo and Steel 2003; 
Reinson 1992).  Barrier retreat occurs when the shoreface migrates landward and erodes pre-existing 
deposits by wave action and creates a ravinement surface.  Washovers form when wind-generated 
storm surges erode away barriers, and create sheet-like deposits of sand within the lagoon or estuary 
(Reinson 1992; Sedgwick and Davis 2003) (See Figure 3.4).   
 
Figure 3.4: Diagram illustrating the generalized stratigraphy of washover fans. Figure 3.4(A) shows foreset laminae 
during subaqueous deposition, and 3.4(B) shows planar-laminated sand in supratidal washover fans. From 
Schwartz (1975) and Sedgwick and Davis (2003).   
These eroded sediments are dispersed and redeposited landwards into either lagoonal or estuarine 
environments as washover deposits.   Washover deposits are transgressive sands that may be sheet-like 
or irregular in structure and on-lap the ravinement surface (Cattaneo and Steel 2003).  In transgressive 
sequences, washover deposits have great potential for preservation (Reinson 1992), and are commonly 
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identified as petroleum reservoirs when surrounded by fine-grained back-barrier deposits (Sedgwick and 
Davis 2003). 
The composition of washover deposits varies due to differences in source material, but mainly consists 
of alternating layers of horizontally bedded terrigenous sand, shell fragments, and heavy minerals which 
reflect changing hydraulic competence and tidal variations during storm surge (Kochel and Dolan 1986).  
Sedgwick and Davis (2003) identified five distinguishable subfacies of modern washover deposits, which 
vary according to barrier island elevation, sediment type and supply, frequency of storms, and the 
extent of overwash into backbarrier environments (Table 3.2).   
Table 3.2: Five subfacies of washovers, from Sedgwick & Davis (2003). 
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The subfacies include designation based on texture, composition, degree of bioturbation and 
stratification type.  Lateral changes in composition and characteristics often occur within same event 
unit, and thus are all considered part of the same broader facies.  Sedgwick and Davis (2003) also 
suggested that important aspects of washover deposits in modern sediments are the faunal 
composition.   
Referring to the five subfacies of washover deposits by Sedgwick and Davis (2003) in Table 1: 1) 
Stratified sand consists of clean quartz sand with less than 1% mud content.  This will commonly contain 
shell debris lags, especially at the base, with low levels of bioturbation.  The subfacies were likely 
deposited under upper-flow conditions. 2) Reverse-graded unit occurs commonly with concentrations of 
smaller-grained heavy minerals than the overlying sediment.  This subfacies normally is found in the 
supratidal portions of the fan, away from the channel throat. 3) Normal-graded sand unit is a subfacies 
that has a great range of composition and bioturbation.  Commonly, the unit will have a shell lag at its 
base and sometimes a mud veneer at the upper surface, and sometimes capped with algal mats or 
vegetation which represent a hiatus of overwash events. High bioturbation and mud content suggest a 
mid-fan genesis, and are more common in this subfacies. 4) Bioturbated muddy sand unit is a subfacies 
which consists of non-stratified, ungraded, bioturbated sand with variable mud content.  The intense 
bioturbation suggests intertidal to subtidal distal margins of the washover deposits.  This unit typically 
has 40-75% bioturbation, and is derived from reworking of the first three listed subfacies.  5)  
Undifferentiated sediments are a subfacies that are evident by the absence of visible unit contacts.  The 
unit will contain heavily bioturbated sediments, sharply overlay underlying non-washover units, and 
often goes unrecognized as a washover deposit in the stratigraphic record. 
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3.4 Clinoforms 
In a river-dominated delta system, there is little redistribution of sediment by wave or tidal processes.  
The sediment-laden river enters a standing body of water, causing deceleration and deposition.  In delta 
systems like this, mouth bars are the primary depositional feature.  Over time, the mouth bars aggrade 
until they cause the river channel to diverge.  These two divergent channels split again and again until 
they are too small to carry sediment.  At this point the system becomes choked, and avulsion and delta 
lobe switching occurs (Howell et al. 2008).  The finest sediment is carried out to the front of the delta as 
positively (hypopycnal) or negatively (hyperpycnal) buoyant plumes, whereas coarser sediment deposits 
near the river mouth.  Flooding results in the deposition of sand sheets.  These sheets dip, thin and fine 
in a seaward direction, and are called clinoforms (Driscoll and Karner 1999; Howell et al. 2008).  
Clinoforms have a three-dimensional geometry, as observed by Driscoll and Karner (1999), across scales 
of up to hundreds of kilometers.  On a regional scale, clinoforms will vary spatially and temporally 
depending on the proximity to the sediment source and the hydrodynamic regime (Driscoll and Karner 
1999). 
3.5 Maximum and initial flooding surfaces in County Clare 
Davies & Elliott (1996) explain the characteristics of maximum and initial flooding surfaces as related to 
the Upper Carboniferous strata in County Clare, western Ireland.  Maximum flooding surfaces are 
regionally wide-spread and are characterized by goniatite-bearing marine bands.  These surfaces 
represent low deposition rates in a deeper, fully marine-influenced environment.  
An initial flooding surface represents the earliest stage of flooding due to transgression on top of a 
sequence boundary.  In the Tullig cyclothem in County Clare, Ireland, these overly fluvial sandstones and 
are distinctively marked by Zoophycos traces.  Zoophycos are feeding traces and represent a fair weather 
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based environment (Bjerstedt 1988).   In the Tullig, they are overlain by sideritic, sparsely fossiliferous, 
organic rich mudstones and an occasional thin bed of coal. 
3.6 Summary 
This chapter has reviewed literature focusing on clastic sedimentary records of cyclothems, focusing on 
the transgressive deposits in deltaic, lagoonal, estuarine, and wave-dominated coastal environments.  In 
addition, a discussion of several important features of transgressions has provided a basis for 
determining the presence and interpretation, of the sedimentary products of sea-level rise.  A variety of 
case studies have been outlined.  Finally, the methods of identifying initial and maximum flooding 
surfaces in County Clare have been presented. 
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CHAPTER 4 
Research Methodology 
4.1 Introduction and Study Site Description 
Past work by Hodson (1954a), Hodson & Lewarne (1961), Rider (1974; 1978), Gill (1979), Collinson et al. 
(1991), Hampson et al. (1997), Wignall & Best (2000), Martinsen & Collinson (2002), Martinsen (2003), 
and Wignall & Best (2004) have provided a basis and framework for the ages and locations of 
transgressive maximum flooding surfaces of the Tullig Cyclothem using goniatite fossil band correlations.  
The goniatite band which marks the upper boundary of the Tullig Cyclothem, Reticuloceras stubblefieldi, 
was established by Hodson (1954a) and was considered at that time to be part of a shale unit he called 
the Moher Shales.  He reported these shales to include several other goniatite marine bands, defining 
sections within the Moher Shales, as well as Dunbarella, crinoid debris, nautiloids, and plant stems.  The 
mapped sites of the Reticuloceras stubblefieldi band, as well as known localities of the underlying Tullig 
Sandstone and Gull Island Formation, were used to determine the location of the upper part of the 
Tullig Cyclothem, the Transgressive Tullig.  The localities included (from south to north): Tullig Point, 
Trusklieve, Diamond Rocks, George’s Head, Killard, Carrowmore Point, Mutton Island, Furreera, and 
Cliffs of Moher. 
4.2 Techniques 
Satellite imagery and detailed geologic maps were examined in order to evaluate the accessibility of the 
upper Tullig Cyclothem.  The beds of each exposed section were measured with a reel-in style metric 
tape measure.  Strike and dip measurements were taken, and paleocurrent directions were measured by 
a Brunton Geo™ Pocket Transit compass with a declination of 5° W.  Field instruments included a field 
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notebook, hand lens, hammer, chisels, knife, sample bags, laminated aerial photographs and satellite 
imagery, Garmin eTrex Legend® HCx, road maps, literature, and a camera. 
Once a maximum or initial flooding surface was identified in the field, the rest of the accessible section 
was explored for the respective flooding surface in order to identify the boundaries of the transgression.  
Next, each bed was measured and photographed from the bottom to the top of the exposed section, 
and data was collected in terms of grain size, fossil or ichnofossil assemblages, paleocurrent indicators, 
and sedimentary structures. 
Adobe Illustrator was used to create logs by drawing a vertical scale bar, a horizontal grain size scale, 
and the major sedimentary bed units and bedforms according to grain size.  Bedding units were colored 
according to grain size and appearance in the field, as well as textured using a texture set included in 
Illustrator.  Yellow was used to indicate sandstone, and varying shades of grey and black were used to 
indicate finer-grained units of organic or inorganic mudstones, shale and coal. 
4.3 Maps and Aerial Photography 
Wignall & Best (2000) presented a simplified geological map of western Ireland showing the important 
field locations discussed in their paper.  This was edited by Stanislawska et al. (2007) to add color, as in 
Figure 4.1, and modified further for this paper to include the named locations of the aerial photos 
(Figures 4.2-4.10).  A detailed geologic map developed by Gill (1979) was used in the field to locate 
outcrops containing the Reticuloceras stubblefieldi goniatite marine band.  Finally, aerial photography 
by the Irish National Mapping Agency, the Ordnance Survey Ireland (Figures 4.2-4.10) was used to help 
determine accessibility to outcrops. 
46 
 
 
Figure 4.1: Geologic Map, modified from Wignall & Best (2000) and Stanislawska, et al. (2007). 
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Figure 4.2: Tullig Point, (UTM 0445429E, 5829719N) – Scale 1:5000 
48 
 
 
Figure 4.3: Trusklieve, (UTM 0446832E, 3831085N) – Scale 1:5000 
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Figure 4.4: Diamond Rocks, (UTM 0454250E, 5836944N), and Pollock Holes, (UTM 0454917E, 5837150N) – 1:5000 
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Figure 4.5: George’s Head, (UTM 0455415E, 5838265N) – 1:5000 
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Figure 4.6: Killard, (UTM 0462658E, 5844725N) – 1:5000 
 
 
Figure 4.7: Carrowmore Point, (UTM 466340E, 5846580N) – 1:5000 
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Figure 4.8: Mutton Island, (UTM 0465125E, 5851545N) – 1:10000 
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Figure 4.9: Furreera, (UTM 0470325E, 5865350N) – 1:5000 
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Figure 4.10: Cliffs of Moher, (UTM 0471386E, 5869817N) – 1:5000 
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CHAPTER 5 
RESULTS 
In this chapter, the results of field research of the most accessible coastal exposures of the upper Tullig 
Cyclothem in west County Clare are presented.  
5.1 Logs and Definitions 
Detailed stratigraphic logs were constructed based on data taken in the field.  The logged locations 
include, in order from south to north: Tullig Point, Trusklieve, Diamond Rocks, George’s Head, Killard, 
Carrowmore Point, Mutton Island, Furreera and Cliffs of Moher. 
The stratigraphic units within these logs have been divided into 13 lithofacies classes, represented at the 
left of the log by the appropriate facies code designations.  A lithofacies is defined as the appearance 
and characteristics of a rock unit that reflect the conditions of its origin.  In this chapter, several sub-
facies will be defined and used.  Lithofacies are lateral, mappable subdivisions of a stratigraphic unit, 
and are distinguished from adjacent subdivisions based on lithology.  Lithology refers to the physical 
characteristics of rocks in hand specimen and outcrop based on color, mineral composition, grain size, 
and sedimentary structures. 
The two subfacies types are biofacies and ichnofacies.  Biofacies are distinguished solely on the basis of 
body fossils and their environmental implications.  Ichnology is the study of trace fossils, and ichnofacies 
are distinguished on the basis of traces fossils and their environmental implications.  Trace fossils are 
sedimentary features which consist of a fossilized track, trail, burrow or tube resulting from the life 
activities of an organism (Bates and Jackson 1984).    Table 5.1 summarizes the lithofacies, whilst 
Chapter 5.2 gives lithofacies descriptions and interpretations.  Facies associations, including the 
interpretation of the facies in their basinal context, are presented in chapter 5.3. 
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5.2 Lithofacies 
The lithofacies present within the Upper Tullig Cyclothem have been broadly identified as sandstones, 
siltstone/mudstones, and coals.  These three lithofacies classes are subdivided into facies of unique 
lithologies and grain sizes, sedimentary structures, color, and other sedimentary characteristics.  These 
lithofacies are summarized in Table 5.1, complete with brief depositional process interpretations and 
are described in detail below. 
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Table 5.1: Summary of the lithofacies within the Transgressive Tullig, introducing the Classes, Codes, Lithologies, Other Characteristics, Bedforms, Thicknesses, 
Ichnofacies, Biofacies, and Depositional Process Interpretations 
Class Code Lithology Description Sedimentary 
Structures 
Other details Ichnofacies Biofacies Depositional Process 
Interpretation 
Sandstone S1.1 Fine-Medium 
Sand 
Color: Light Grey 
Material: Quartz 
Sand 
Horizontal to 
very low-angle 
laminae 
-Bed thickness:  
0.05-1m 
-Beds thicken upwards 
-Separated by thin beds 
of light grey, finer 
sandstone 
-Scolicia 
-Helminthoidea 
-Planolites 
(rare) 
-Arthropod 
tracks:  
1)Cruziana 
2)Diplichnites 
 Hypopycnal flows below 
storm wave-base 
 S1.2 Fine-Medium 
Sand 
Color: Light Grey 
Material: Quartz 
Sand 
Symmetrical 
ripple laminae 
-Bed thickness:  
0.05-1m 
-Beds thicken upwards 
-Separated by thin beds 
of light grey, finer 
sandstone 
  Hypopycnal flow deposits, 
reworked above storm 
wave-base 
 S1.3 Fine-Medium 
Sand 
Color: Light Grey 
Material: Quartz 
Sand 
Structure:  
HCS and large-
scale cross-
bedding 
-Bed thickness:  
0.10-0.50m 
-Beds thicken up 
-Separated by thin beds 
of light grey, finer 
sandstone 
-Scolicia (rare) 
Arthropod 
Tracks 
(Cruziana) 
-Planolites 
-Zoophycos 
 Multidirectional currents 
form hummocky cross-
stratification 
 S2 Fine-Medium 
Sand 
Color: Light Grey 
Material: Quartz 
Sand 
Structure: Soft 
sediment 
deformation 
(small-scale) 
Low angle 
planar cross-
bedding 
-Bed thickness:  
0.10m to 5m 
Deformation erodes 
occasionally into either 
overlying or underlying 
beds 
Wide variety of 
complex folding and 
deformation styles 
  Low gradient slope failure 
High sedimentation rates 
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Table 5.1 (cont.) 
Class Code Lithology Description Sedimentary 
Structures 
Other details Ichnofacies Biofacies Depositional Process 
Interpretation 
 S3 Fine Sand Color: Gray to tan 
Material: Quartz 
Sand 
Structure: 
Bioturbated 
Sporadic 
symmetrical 
ripple laminae 
 Burrowing and 
un-
differentiated 
bioturbation 
 Bio-reworked sand 
 S4 Fine-Medium  
Sand 
Color: Light Grey to 
Tan 
Material: Quartz 
Sand 
Structure: 
Undular, wavy, 
and 
unidirectional 
cross-bedded 
sandstone 
Below IFS at 
Trusklieve: 
-Dunes 
-Unidirectional 
foresets 
-Bioturbated 
top surface 
 
-Forms the uppermost 
Tullig Sandstone beds 
beneath Zoophycos 
and/or coal 
 
-Zoophycos 
-Helminthoidea 
-Lepidodendron 
-Stigmaria 
-Sedimentation from 
unidirectional sediment 
source 
-Top surface represents 
period of low energy which 
permitted reworking by 
bioturbation (Zoophycos) 
and/or colonization by 
Lepidodendron. 
Siltstone T1.1 Fine Silt Color: Dark Grey to 
Black 
Material: Organic 
rich silt 
Structure: 
Weak bedding 
 
-Bed thickness:  
Up to 20m 
-Siderite nodules form 
along consistently 
spaced bedding planes 
-Spacing increases up 
section 
-Organic material 
decreases upward 
 Rare bivalve and 
crinoid debris 
-Sedimentation from 
suspension 
-Fresh to brackish water 
-Quiet, low-energy bottom 
water 
-Deposited in anoxic to 
dysoxic conditions 
 T1.2 Fine Silt Color: Light Grey 
Material: Organic 
poor silt 
Structure: 
Weak bedding, 
rare 
symmetrical 
ripples 
-Bed thickness:  
Up to 20m 
-Siderite nodules 
(infrequent to absent) 
  -Sedimentation from 
suspension 
-Fresh to brackish water 
-Deposited in dysoxic 
conditions 
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Table 5.1 (cont.) 
Class Code Lithology Description Sedimentary 
Structures 
Other details Ichnofacies Biofacies Depositional Process 
Interpretation 
 T1.3  Color: Light grey to 
white 
Material: Organic 
poor silt 
Structure: 
common, well-
developed 
wave-ripple 
laminae 
-Bed thickness: Up to 
0.5m 
  -Sedimentation from 
suspension 
-Fresh to brackish water 
-Bottom wave reworked 
-Deposited in oxic conditions 
 T2.1/
S2.1 
Silt or Fine 
Sand 
Color: Light Grey 
Material: Organic 
poor silt 
Structure: Soft 
sediment 
deformation 
(small scale) 
 
-Bed thickness:  
0.10m-5m 
  -Siltstone deformed by 
slumping and dewatering 
 T2.2 Fine Silt Color: Light Grey 
Material: Organic 
poor silt 
Structure: Soft 
sediment 
deformation 
 
-Thickness: 10-20m   - Siltstone deformed by 
diapirism of facies T1.1 
and/or T1.2 
 T3 Fine to Very 
Fine Silt 
Color: Dark Grey to 
Black 
Material: Organic 
rich silt and/or mud 
Structure: 
Planar bedding 
 
-Bed thickness:  
Up to 0.20m 
 -Reticulo-
ceras 
stubblefieldi 
-Crinoid 
debris 
-Dunbarella 
 
-Sedimentation from 
suspension 
-Fully marine 
-Deposited in anoxic to 
dysoxic, reducing conditions 
Coal C Coal Peat and wood 
mixture 
 -Bed thickness:  
Up to 0.20m 
 Wood debris, 
rare 
gastropods 
(Glabro-
cingulum) at 
Killard 
 
-swamp conditions 
-Deposited in dysoxic to 
anoxic wetlands 
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5.2.1.1 Facies S1.1 Description 
Facies S1.1 is characterized by fine to medium sandstone that is parallel bedded (laterally continuous 
across outcrop) with internal 1-5mm parallel to sub-parallel laminae (Figure 5.1).  These beds are 
typically between 0.05 – 0.1m thick, but can reach up to a meter thick in some localities. This facies is 
present in almost every logged section in the area studied.  These beds become more numerous near 
the top of the sections, and the beds tend to increase in thickness up-section.  The beds have non-
erosive bases, and are typically separated by a very thin (1-2mm) bed of fine to silty sandstone.  The top 
surfaces of some beds may contain trace fossils, including Scolicia, Helminthoidea (Wignall and Best 
2004), Planolites, Cruziana and Diplichnites.  Figure 5.2 shows an example of Cruziana followed by 
Diplichnites. Both are arthropod traces: Cruziana represent furrowing traces, which are followed by 
Diplichnites which represent emerging and walking along the sediment surface (Smith and Crimes 1983). 
5.2.1.2 Facies S1.1 Interpretation 
These beds have been defined by their flat horizontal bedding, non-erosive bases, and finer parallel 
horizontal laminae with no bedforms indicative of tractional movement.  In many cases, the beds are 
massive as a result of uniform grain size, and fine up in the upper 5 to 10 percent.  The non-erosive 
nature of this facies suggests that the sediment was deposited out of suspension, rather than as a 
sediment-laden current flowing along the bottom.  Hypopycnal currents are sediment-laden water flows 
which are less dense than the water in the receiving basin (Penland and Kulp 2005), and deposit their 
sediment from suspension.  In this case, hypopycnal flows may have resulted from warmer, lower 
density, sediment-laden water entering water of a higher salinity and density.  The environment in 
which these sands were deposited experienced little to no wave energy as reworking is minimal or 
completely absent. 
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5.2.2.1 Facies S1.2 Description 
Facies S1.2 is similar to S1.1, but contains ripple cross-lamination and rippled surfaces instead of parallel 
horizontal laminae and flat surfaces (Figure 5.3).  The wave ripples and ripple cross-laminations measure 
approximately 0.05-0.10 m in wavelength, typically with crest heights of 10 mm or less.  Wave ripples on 
bedding surfaces range in shape from 2-dimensional symmetrical ripples to 3-dimensional asymmetrical 
ripples, showing the importance of bottom oscillatory and unidirectional flows in reworking the 
sediment surface.   
5.2.2.2 Facies S1.2 Interpretation 
These sediments were deposited in similar sheet-like fashion as S1.1, but the sand surfaces were 
intermittently reworked by waves that lay above the storm-weather wave base.  Periodic wave-
generating events reworked the top layer of sediment into rippled surfaces that were subsequently 
preserved as the result of a non-erosive depositional event.  Surfaces may contain rare Palaeophycus, 
Ophiomorpha, Scolicia, and Helminthoidea traces.   
5.2.3.1 Facies S1.3 Description 
Facies S1.3 includes sandstones that contain at least one of three characteristics: 1) convex-up sand 
domes, 2) exceptionally flat, lineated surfaces, and 3) internal low-angle cross-bedding combined with 
rippled surfaces. 
The beds in this facies consist of 2-3 meter-scale (wavelength) convex-up domes (hummocks) and 
concave-up swales (Figure 5.4).  The surfaces of the hummocks and swales are typically smooth with 
non-rippled surfaces, but some beds contain rippled surfaces.  These 3-dimensional, low-angle 
hummocks and swales are occasionally accompanied by beds with smooth, planar, and lineated surfaces 
directly beneath (upper stage plane beds).  These sandstone beds are typically 0.1-0.5 m thick and occur 
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near the top of the section at Diamond Rocks and Trusklieve.  In cross-section, some sandstone beds 
show low-angle internal cross-bedding, accompanied commonly with 3-dimensional rippled surfaces. 
5.2.3.2 Facies S1.3 Interpretation 
Hummocks form by combined oscillatory and unidirectional currents (Allen 1985; Hunter and Clifton 
1982; Swift et al. 1983), and upper stage plane beds form as a result of high oscillatory current velocities 
(Nøttvedt and Kreisa 1987).  In ancient deposits, hummocky cross-stratification (HCS) generally occurs in 
coarse siltstone to fine sandstone, and rarely in medium or coarse sandstone (Duke 1985).  Hummocky 
cross-stratification has been interpreted as a shallow-marine indicator formed below fair-weather wave 
influence, as well as in lower estuarine sandstones, and less commonly in deltaic sands and gravels (e.g. 
Provo level of Lake Bonneville, Utah) (Duke 1985).  Storm-generated (shelf) HCS is formed below fair-
weather wave influence and are therefore usually bound by mud; likewise, HCS in sand-only sequences 
are unusual in shelf (storm-generated) settings.  The formation of HCS that is unbound by mudstone 
suggests formation by a different mechanism, such as above fair-weather wave base in near shore, 
fluvial, or lacustrine settings (Woolfe 1993).  Upper stage plane beds (USPB) represent conditions of 
higher bedload transport rates and suspended sediment concentrations (Bridge and Best 1988) than the 
environments that produce hummocks.   
5.2.4.1 Facies S2 Description 
This sandstone facies includes sandstone units in which there is evidence that sediment mixing and soft-
sediment deformation has occurred.  Common features are convolute laminae, a massive structure, and 
blocky internal structure in which no laminae exist (Figure 5.5).   These deformed sections are typically 
less than 5m in thickness.  
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Convolute laminae appear in two main forms: 1) Overturning and folding of laminae along a bedding 
plane, and 2) distortion in the form of flame-like structures, in which the horizontal laminae are bent in 
an upward direction.  The interfaces between the upper and lower bounds of these convolutions are 
consistent along a bedding plane.  For example, in Figure 5.5, the flame structure is clearly limited to a 
single bed, and has a lower bound of undeformed lamiae, and an upper bound of the overlying bed 
which was undisturbed. 
Blocky sediments are present where no laminae are preserved, and the sandstone has been mixed as a 
result of the amalgamation of sediment from overlying and underlying beds.  This deformation occurs 
on a larger physical scale than convolute laminae due to the intermixing of several bed units.   The 
interface between the upper and lower bounds of the blocky sandstones are strongly erosive, and the 
deformation in Figure 5.5 clearly shows the blocky sandstones intruding unevenly beneath the overlying 
flat S1.1 sandstones.  
5.2.4.2 Facies S2 Interpretation 
The deformation in these sediments is easily recognizable, as no original internal bedding features are 
present, and are replaced with intensely convoluted laminae or massive sands.  The formation of these 
deformed sands is usually limited to a single planar unit, which occasionally intrudes into the underlying 
or overlying sediment.  This style of deformation may occur due to compaction and overloading of 
water-laden sediment, perhaps on a slope.  Tectonic activity, among other local disturbances, may have 
been triggers to activation of larger scale down-slope movement, liquefaction, and subsequent 
deformation of unlithified sediment.  Seismically-induced liquefaction of unconsolidated sands is 
common in water-saturated sands.  It is an in situ transformation of sediment from solid to quasi-liquid 
as a result of reduced shear strength within the sediment.  Internal buildup of fluid pressure, major 
changes in deposition rates, the effect of waves, and seismic shocks can generate liquefaction in 
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saturated, non-cohesive sediments (Hildebrandt and Egenhoff 2007; Lowe 1975; Lowe 1976; Obermeier 
1996). 
5.2.5.1 Facies S3 Description 
Facies S3, like S2, also includes sandstones that have a massive or disordered internal structure (Figure 
5.6), but contains distortion of beds not consistent with those of dewatering due to liquefaction, 
slumping or diapirism.  These sandstone beds show evidence of reworking by organisms, but may 
contain no distinguishable morphologies in some areas.  This facies is also found frequently at the top of 
the logged sections and may contain Zoophycos and/or Planolites traces at the bedding surface. 
Sandstone surfaces may contain a variety of combinations of ichnofacies and biofacies including 
Zoophycos traces, horizontal and vertical burrows. 
5.2.5.2 Facies S3 Interpretation 
In cases where the bedding has clearly been disturbed by something other than dewatering or slumping 
and evidence of burrows is present, the sandstones are categorized as facies S3.  These facies were likely 
similar to those of S1.1-S1.3, until burrowing organisms introduced themselves and chewed up the 
sediment entirely.  There are two main components of burrowed stratigraphy in benthic oxygenated 
waters: a surface mixed layer, and a transitional layer (Savrda 2007).  The mixed zone is a more fluid 
zone, and is generally up to 0.15m thick, and in steady-state conditions, traces, tracks and other burrows 
are poorly preserved due to low sediment shear strength and overprinting by transition-layer traces 
(Savrda 2007).  The transition layer represents heterogeneous mixing by organisms up to several 
decimeters below the seafloor (Savrda 2007).  Bioturbation is rarely vertically continuous between beds 
of differing lithologies.  All of the facies S3.1 are therefore considered to be within the mixed layer.  This 
suggests that these sandstone sheets were exposed for enough time to be reworked, and then buried 
again by a succeeding storm depositional event. 
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5.2.6.1 Facies S4 Description 
Facies S4 represents sandstones at the base of the logged sections, where accessible.  Beneath a 
bioturbated surface and/or a thin coal seam are medium-grained, well-sorted sandstones.  From a cross-
sectional view, which is viewable at Trusklieve, the lower beds are elongate and lenticular in shape 
(Figure 5.7).  This facies also contains dunes up to 3 m in wavelength and up to 1.5 m in height, and 
cross-beds which indicate unidirectional flow. 
5.2.6.2 Facies S4 Interpretation 
These sandstones, the Tullig Sandstones, were deposited by fluvial processes, as supported by large-
scale ripples, unidirectional bedforms (Figure 5.8), and a lack of evidence for flow reversal.  The 
presence of Zoophycos bioturbation, or Stigmaria and thin coals (Facies C) at the top surface of this 
sandstone package indicate a decline in energy and abandonment of channel processes (Pulham 1989). 
5.2.7.1 Facies T1.1 Description 
This siltstone facies consists of a combination of silt and clay, with varying ratios throughout each 
section.  The most common siltstone facies, T1.1, is usually found in the lower part of the sections, and 
is dark grey to black in color, and gradually lightens in color upward.  The darker the siltstone, the finer 
the sediment tends to be, with a higher ratio of clay to silt.  Therefore the term siltstone is herein used 
to describe both sediments that are mud- or clay-rich (less than 50% clay-mud) and those that are silt-
rich (greater than 50% silt), because the transition between them is usually very gradual.  These 
siltstones are non-erosive and have flat to undular surfaces with no wave ripples. The upward lightening 
in color is often accompanied by the increase in the number of wave rippled surfaces (which occur rarely 
in facies T1.2, and commonly in T1.3), and a decrease in the amount of siderite.  Siderite forms along 
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weak bedding planes, and is in either nodular form, or has amalgamated into continuous beds (Figure 
5.9).  Trace fossils, like Scolicia, within this facies are extraordinarily rare. 
The thickness of this facies varies greatly from 0.1 m to decimeter-scale, and the precise boundary 
between this facies and the occasional overlying T1.2 is frequently very difficult to distinguish. 
5.2.7.2 Facies T1.1 Interpretation 
Siderite, or ferrous iron carbonate (FeCO3), is considered a to be the diagenetic product of iron (III)-
reducing bacteria present in a range of low-energy, non-marine environments that contain anoxic to 
dysoxic sediment (Coleman et al. 1993; Ellwood et al. 1988; Fredrickson et al. 1998).  Because T1.1 
contains a large amount of siderite, no marine fauna, and rare small wave ripples, this evidence 
supports that this environment was primarily low-energy and non-marine.  The sediment was deposited 
in a low-energy aquatic environment, with low levels of oxygen at the water-sediment interface.  The 
combination of low-energy, low-salinity, and low-oxygen levels in fine-grained clay and silt produced 
conditions for iron-reducing bacteria to produce nodules of siderite. 
5.2.8.1 Facies T1.2 Description 
Siltstone units that are light grey in color and contain very few to no siderite nodules are categorized as 
facies T1.2 (Figure 5.10).  These units are similar in appearance to T1.1 but are lighter in color and may 
be interbedded with thin, fine sandstone beds.  The bedding in these siltstones is weak and undular, and 
very infrequent wave rippled laminae or surfaces tend to occur coarser (coarse silt to fine sand) 
interbeds.  Over 90% of the beds in this facies exhibit non-erosive bases and contain no evidence of 
bioturbation.  An example of burrowing and erosional contacts can be found near the top of the first 
coarsening up sequence at Carrowmore Point (Figure A2), where both burrowing traces and erosion are 
evident. 
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5.2.8.2 Facies T1.2 Interpretation 
The decrease in organic matter is reflected in the lighter grey color of the siltstone, and wave-influenced 
bedding, slightly coarser sediment interbeds, and decrease in siderite compared to facies T1.1, all imply 
that this siltstone was deposited in an environment with differing characteristics than exhibited in facies 
T1.1.  This facies, T1.2, is found stratigraphically above T1.1 in each logged section.  The upward increase 
in wave-influenced bedding confirms that the depositional environment was more frequently above the 
wave base than the sediments in T1.1. 
5.2.9.1 Facies T1.3 Description 
Facies T1.3 is a siltstone that has bedding which is more strongly developed than T1.1 and T1.2, and is 
made up primarily of wave-rippled siltstones (Figure 5.11).  This facies is slightly coarser (mainly coarse 
silt and fine sand) than T1.1 and T1.2, most likely due to the increased interbedding of fine sandstone 
sheets.  Ripple laminae are characteristic for this facies, with uncommon climbing ripple laminae.  When 
not interbedded with sandstone, these laminae are frequently well-preserved, and in some cases display 
vivid contrasts in silt color alternations. 
5.2.9.2 Facies T1.3 Interpretation 
Facies T1.3 contains no organic matter, and is characterized by evidence for higher energy wave 
processes than T1.1 and T1.2 in the form of rippled silts and muds, as well as occasional discontinuous 
interbeddings of fine sand.  The preservation of bedforms such as wave ripple cross-stratification and 
occasional climbing symmetrical wave ripples implies variable aggradation rates (Ashley et al. 1982) and 
sustained wave energy during deposition. 
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5.2.10.1 Facies T2 Description 
Facies T2 is characterized by deformed silt and mudstones.  This deformation is expressed in several 
different forms, including large outcrop-scale flame-structures and domes (mud diapirs), decimeter-
scale laterally deformed bedding planes (local), and centimeter and millimeter scale convoluted laminae 
(Figure 5.11). 
There are three diapirs exposed in cross-section near Kilkee.  Two are at Diamond Rocks, and the other 
is at George’s Head (Figure 4.1).  At Diamond Rocks, mud diapir #1 causes the overlying sandstone to: 1) 
mix with underlying mud and silt, causing originally flat-lying sandstone beds to abruptly end at the 
interface with the edge of the diapir, 2) be deformed downward direction, and 3) be internally 
deformed, eliminating any original internal bedding structures. 
Diamond Rocks Diapir #2 is a flame-shaped structure comprising entirely of mud/siltstone.  This diapir 
erodes overlying sandstone causing flat-lying beds to terminate at the edges of the diapir, and does not 
significantly deform the overlying sandstone as it does in Diapir 1 and Diapir 3. 
George’s Head Diapir #3 is another large scale flame-shaped structure comprising entirely of mudstone.  
It causes significant deformation of overlying sandstone in the form of folding, erosion, and internal loss 
of structure.  
5.2.10.2 Facies T2 Interpretation 
Deformed silts and muds make up the majority of the deformed sediment in the Upper Tullig Cyclothem.  
The deformation may have been caused by several factors, including bioturbation or liquefaction caused 
by slumping, degassing, or dewatering of unconsolidated mud.  Deformed zones of mudstone may range 
from centimeters to decimeters in outcrop scale.  Tectonic forces can cause synsedimentary 
deformation in regimes with overpressured sediments.  When these forces are in play, deformation 
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rates are usually in the order of mm/year, and mud diapirs are likely to form (Pralle et al. 2003).  
Liquefaction caused by degassing and dewatering of sediment may cause deformation in the form of 
mud volcanoes, which are rare in the Upper Tullig.  Quickly subsiding basins with high sedimentation 
rates normally require very little deformation to cause liquefaction of water-laden, unconsolidated 
sediments (Pralle et al. 2003). 
Most frequently, however, the deformation of mudstone is difficult to characterize because of the 
absence of laminae (deformed or undeformed), and homogeneity of grain size.  Burrowing traces are 
easier to identify in sediments which contain laminae, compared to more homogeneous sediments. 
5.2.11.1 Facies T3 Description 
This is a very dark grey to black, very fine grained siltstone or shale, and is present at the top of every 
logged locality, except Killard where the top of the Tullig Cyclothem is absent.  This facies is less than 
0.05m in thickness, and exhibits no bedforms.  The rock ranges in texture from fissile shale to non-fissile 
mud or siltstone and its key features are a high amount of organic material and presence of distinctive 
body fossils.  The characteristic body fossil that is omnipresent is the Reticuloceras stubblefieldi goniatite 
(Figure 5.10).  This is occasionally accompanied by crinoid debris (Diamond Rocks and Tullig Point), small 
elongate nautiloids (Carrowmore Point), Dunbarella (Diamond Rocks, George’s Head and Furreera), and 
wood fragments (Furreera and Mutton Island) (Figures 5.12 and 5.13). 
5.2.11.2 Facies T3 Interpretation 
This facies represents a period of low deposition rates, low energy, and open marine conditions as 
evidenced by the fauna found in this facies.  Goniatites, within the taxonomic order Goniatitida (Hyatt 
1884), are members of the Cephalopoda taxonomic class, and are coiled ammonoids. These organisms 
were limited to environments of normal salinity, and were probably nektonic or free-swimmers and 
 70 
 
inhabited the ocean during the Carboniferous in large numbers. These open marine conditions were also 
necessary for the elongate nautiloids found at Carrowmore Point. 
Dunbarella, characterized by their broad hinge and numerous radial ribs, are flat-shelled benthic 
bivalves.  They are considered a characteristic “paper pectin” morphotype (Allison et al. 1995), and are 
frequently found in the Clare Shale, which recorded tranquil, anoxic to dysoxic deposition (Wignall and 
Best 2000). 
The crinoid debris may be a representation of an environmental gradient from shallow to deeper water 
(Ausich and Sevastopulo 1994).  Waves and density currents driven by colder bottom water may have 
transported the debris to deeper areas. 
5.2.12.1 Facies C Description 
Facies C represents coal deposits that are found immediately above the Tullig Sandstone and the coal is 
black with a high percentage of clay and sulfur.  The coal at Killard has interbeds of silty sandstone near 
its top, and shaley layers with rare Glabrocingulum gastropods (Figure 5.12), and numerous 
Asterophyllites (a form taxon for thin, grass-like Calamites or Sphenopsid leaves). 
5.2.12.2 Facies C Interpretation 
The coals are representative of permanently flooded swampland.  There are several environments that 
have been identified to promote the formation of coal: coastal back-barrier, lower delta-plain, and 
upper delta plain (fluvial) (Horne et al. 1978; Jones and Cameron 1988).  Coals formed in back-barrier 
settings tend to be thin, laterally discontinuous and high in sulfur.  In lower delta-plain environments, 
coal deposits are widespread and thin with irregular sulfur distribution.  Upper delta-plain or fluvial coals 
are typically low in sulfur, thick locally, and laterally discontinuous (Horne et al. 1978). 
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Another possibility for coal formation is that these coal deposits are a result of organic material drifting 
and sinking into a lagoon containing anoxic bottom waters.  The anoxia, combined with continual 
burying of the material with fine-grained sediment, may have played a role in the preservation of 
organic material.  Fauna, like the Glabrocingulum gastropods found at Killard, may have been organisms 
that were attached to driftwood debris, and sank to the bottom with the rest of the organic material. 
 
 
Figure 5.1: Facies S1.1, Carrowmore Point, 34-36 m on log in Figure A2.  Both top and bottom surfaces are flat, with 
parallel laminae.  Scolicia and Cruziana are rare.  UTM 466314E, 5846646N 
 72 
 
 
Figure 5.2: Facies S1.1, Carrowmore Point, ~35 m on log, Figure A2 showing underside of a sandstone bed 
containing Cruziana and Diplichnites traces.   UTM 466314/5846646 
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Figure 5.3: Facies S1.2 exhibited by rippled sandstones pervasive in the bedding near the top of the Upper Tullig 
Cyclothem at George’s Head.    UTM 0455903/5838583 
 
Figure 5.4: Facies S1.3, exhibited as hummocks and swales near the top of the section at Diamond Rocks.  UTM 
0454225E, 5836878N 
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Figure 5.5: Examples of Facies S2 which displays convolute laminae in the form of A) flame-shaped structures at 
Diamond Rocks, B) convolute laminae at Carrowmore Point, and C) blocky, massive internal structure at Killard. 
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Figure 5.6: Facies S3, an example from the Moore Bay Sandstone at Furreera.  Few weakly identifiable bedding 
planes or trace fossils are present in this sandstone, but there is no evidence of fluidization or slumping. 
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Figure 5.7: Facies S4 viewed in cross-section at Trusklieve.  Elongate channels have been highlighted, with flow 
likely to be oblique to section. 
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Figure 5.8: Unidirectional planar cross-bedding exemplified in facies S4 at Trusklieve; Pencil for scale. 
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Figure 5.9: Facies T1.1 at Killard – Grey siltstones interbedded with numerous rust-colored amalgamated siderite 
nodules. 
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Figure 5.10: Facies T1.2 at Trusklieve. This picture shows the poorly-bedded character of the T1.2 siltstones, with a 
lower abundance of siderite nodules than found in T1.1.  UTM 0446726E, 5831000N 
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Figure 5.11: Facies S1.2, T1.3, and T2.  This photo from Trusklieve shows the interbedded nature of the rippled 
siltstones (T2) interbedded by a thin sandstone sheet at the top of the photo, and deformed siltstone (T2) at the 
bottom. 
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Figure 5.12: Facies T3.  Photo shows a large goniatite fossil located at the top of the section at George’s Head, UTM 
0455900E, 5838580N.  This fossil bed contains large and small goniatites, and rare fragments of Dunbarella, 
crinoids and wood. 
 
Figure 5.13: Facies T3 exhibiting characteristic crinoid debris (Diamond Rocks), nautiloids (Carrowmore Point) and 
Dunbarella (Furreera) fossils. 
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Figure 5.14: Facies C. Photo shows the mold and cast of the Glabrocingulum found at Killard within the black shaley 
coal near the base of the Upper Tullig Cyclothem. UTM 0462650E, 5844690N 
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5.3 Lithofacies Associations 
This subchapter summarizes and associates paleoenvironments related to the lithofacies listed in 
chapter 5.2.  The facies will be summarized in the order in which they generally occur in a logged section 
and are then grouped into lithofacies associations (LA).  Complete stratigraphic logs are provided at the 
end of the chapter.  
5.3.1 LA1 Tullig Sandstone – Multistory Fluvial Channel Complex and Paleosol (Facies S4 & C) 
The Tullig Sandstone represented as facies S4, is an erosive, stacked fluvial channel sequence.  The 
sequence was studied in detail by Stirling (2003), who interpreted it as a low sinuosity braided fluvial 
system.  Flow depths were calculated by Stirling (2003) to be within the range of 3-8 m, with depths of 
erosion at story bases up to 8.5 m.  The sandstones represent rapid filling of the Clare Basin at a time 
when accommodation space was increasing.  Persistent subsidence rates throughout the Carboniferous 
have been estimated between 0.18 and 0.29 mm a-1 and were combined with high rates of sediment 
compaction (Pulham 1989).  At Trusklieve, unidirectional, meter-scale, cross-beds, indicate flow ranging 
in direction from 60° NE to 130° SE (Figure 5.8).  The dunes at the base of the Trusklieve section indicate 
a 20° NE combined flow.  The top of the Tullig Sandstone is intensely bioturbated at Tullig Point and 
Trusklieve with Zoophycos traces, and these surfaces are interpreted as hiatal surfaces which record an 
initial flooding event following the filling of the incised valley (Hampson et al. 1997; Pulham 1989).  At 
localities where Zoophycos is not present at the initial flooding surface (i.e. Killard, Carrowmore Point, 
and Furreera), a coal-rich paleosol is present which contains sand-filled casts of Stigmaria trunks with in 
situ rootlets at the interface with the underlying sandstone.  Therefore, either the Zoophycos surface or 
the surface above the paleosol indicates a stage of initial flooding.  
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The coal found immediately capping the Tullig Sandstone (S4), has been interpreted as a localized 
paleosol horizon (Hampson et al. 1997).  It is only found at three localities, Killard, Carrowmore Point, 
and Furreera, and shows evidence of in situ tree rootlets within the sandstone at its base.  The unit is 
highly organic, but contains a large percentage of clay and silt.  This evidence supports that these coals 
may be a product of prolonged shallow flooding and colonization of swamp or salt marsh flora and 
fauna, likely in an interdistributary bay area. 
5.3.2 LA2 Delta abandonment – protected delta front (Facies T1.1, T1.2, T1.3, T2.1, T2.2, & T3) 
Facies T1.1 contains no bedforms and contains numerous siderite nodules which decrease in frequency 
up section (along weak bedding planes).  It is also apparent that these sediments were left largely 
undisturbed with little bioturbation (i.e. Scolicia) and little wave activity.  Siderite nodules are formed by 
the chemical reactions of iron- and sulfate-reducing microbial communities in anaerobic settings, 
regardless of salinity (Coleman et al. 1993).  This explains the absence of trace fossils because many 
larger organisms require oxygen to survive.  The anoxic nature of the sediment and evidence for a low 
energy environment reveal that the facies association for T1.1 is an environment that is mostly cut-off 
from fresh water input or open marine conditions either as a protected lagoon, delta front or lacustrine 
setting. 
The transition from T1.1 to T1.2 is gradual, with the main differences between the two being the change 
in the color of the deposits from dark grey and black to light grey, and the frequency of siderite nodules 
decreasing in T1.2.  The dark sediment, evidence for low decomposition as a result of anoxia, also 
decreases abundance in the transition to T1.2.  This may indicate that the bottom waters gradually 
changed from anoxic to dysoxic.  Siderite is still present in T1.2, but of a smaller percentage, indicating 
that the sediment still maintained low oxygen levels, and experienced little wave energy.  T1.2 may 
represent a shallowing environment or one that experienced a slight increase in wave energy, given by 
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occasional wave-energy indicators and rippled bedding surfaces preserved within very slightly coarser 
silt.  Associated with the occurrence of lighter, sometimes slightly coarser, sediment is a greater 
frequency of trace fossils and burrows, which also attest to more oxygenated conditions. 
Facies T1.3 follows the trend of an increase in wave energy up section.  This facies contains numerous 
beds with oscillation ripples, which indicate that this environment has approached the fair weather 
wave base.  Siderite nodules are rare to non-existent in this facies.  Many incursions of coarser sediment 
in the form of fine sandstone (i.e. S1.1 through S1.3) deposited as a result of an increasingly proximal 
sediment source, also become ubiquitous.   
5.3.3 LA3 Embayment within drowned river valley, delta progradational phase: distributary mouth bar 
sandstone (Facies S1.1, S1.2 & S2) 
Sandstone facies S1.1 is frequently interbedded with siltstones in T1.2 and 1.3, especially in the top two-
thirds of the logged sections.  These are generally thin sheeted sands with planar laminae, but 
occasionally the top surfaces of these beds are wave-rippled and may contain Scolicia, Cruziana, or 
Diplichnites.  These traces provide evidence that the bottom water at the time of deposition was 
oxygenated and the ripples show that waves occasionally reworked the sediments.  The laminated 
nature of the majority of these beds implies that the sediment settled from suspension (from 
hypopycnal flows) and was then reworked at the bottom.  This suspended sediment may be the result of 
flooding from land or from erosion and wash-over from barrier islands during a combination of sea-level 
rise and storm events.  In addition, this facies tends to increase in both frequency and thickness up-
section, implying that these storms were causing an ever-increasing amount of sediment transport.   
Facies S1.2 are representative of the same processes that deposited T1.3, and are frequently found 
interbedded with T1.3.  These sands are like S1.1 but are wave-rippled throughout and frequently have 
oscillatory wave-rippled surfaces.  These wave-ripples are indicative of higher wave-induced flow 
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velocities, which invariably increase up-section.  The environment of deposition that once was quiet and 
undisturbed thus became increasingly influenced by wave activity. 
5.3.4 LA4 Strong storm wave-reworked mouth bar deposits (Facies S1.3) 
Facies S1.3 is found at the top of the sandstone units present at Trusklieve and Diamond Rocks, and is 
characterized by meter-scale hummocky-shaped beds on top of upper-stage plane beds in the upper 1-2 
meters of sandstone at Diamond Rocks.  These depositional processes were high energy, and may have 
resulted in the reworking of previously-deposited sand.  As seen in the log of Diamond Rocks (Figure 
A6a), this is comprised almost entirely of S1.2 sandstone.  Sandstones S1.1, S1.2 and S1.3 are 
representative of the product of mouth bar deposits that spread laterally across the basin during 
distributary channel progradation. 
Facies S1.3 is indicative of higher energy processes than any facies above the fluvial sandstones at the 
base.  This facies is only present in sandstones near the top of two sections: Diamond Rocks, and to a 
lesser extent at Trusklieve.   
At Diamond Rocks, the first indication of high energy water flow begins at approximately 7 meters above 
the base of the log.  These sandstone beds contain meter-scale hummocky cross-stratification and cross-
bedding (Figure 5.16).  The surfaces of the beds at 6m are flat and possess primary current lineations 
(upper-stage plane beds) which indicate a high velocity, shallow flow in upper-flow-regime conditions.  
This is capped by a well-defined set of meter-scale hummocks and swales (Figure 5.4).  At Trusklieve, the 
S1.3 sandstone unit contains shallowly-dipping cross-beds within a single meter-thick sandstone bed.   
Hummocky cross-stratification forms above storm wave base, but below fair weather wave base.  The 
conditions necessary for the formation of HCS include aggradation rates sufficiently high for 
preservation, with current speeds sufficient for the generation of low-angle, isotropic cross-stratification 
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(Dumas and Arnott 2006).  Below and before these sands were deposited, the environment was a 
protected, abandoned and aggradational delta front.  These sandstones are thus interpreted as an 
indication of storm-generated deposits in an open, shallow delta front, based on the in-context 
evaluation of facies associations logged below this facies association.  The sands represent high 
aggradation rates necessary for hummock and upper-stage plane bed preservation. 
5.3.5 LA5 Depositional hiatus in abandoned delta front (Facies S3 & T3) 
Sandstones and siltstones which contain significant bioturbation have been designated S3 and T3 
respectively.  If the sandstone substrate is well oxygenated, a high diversity of organisms may be 
present, resulting in traces which are complex and vertically extensive.  Generally, as oxygen 
concentrations decline, bioturbation diversity also declines due to the loss of larger, more active 
organisms that require greater amounts of oxygen (Savrda 2007).  Therefore strongly bioturbated facies 
are associated with oxygen-rich water and/or substrates.  These facies normally accompany each other, 
and represent organically-reworked S1.1/S1.2 or T1.1/T1.2/T1.3 facies, deposited in an environment 
with much greater substrate oxygenation.  Because these are dominant facies at the top of many logged 
sections, this may represent a period of low-deposition rates.  For instance, the bioturbated sandstone 
at the top of the Trusklieve section is capped by a Zoophycos surface, followed by 1-2 meters of T1.2, 
before facies T3 is introduced at the very top.  Facies S3 are considered to be washover deposits that, 
after deposition, were colonized by a diversity of detrital-feeding fauna during a subsequent 
depositional hiatus. 
5.3.6 LA6 Open Marine Conditions (Facies T3) 
Facies T3, defined by the presence of the Reticuloceras stubblefieldi goniatite band, is the facies at the 
top of each section.  The siltstones that normally precede it (with exception of Carrowmore Point) do 
not contain any fauna until this very definitive, but thin, marine band.  The environments of deposition 
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above the Tullig Sandston up to this point were brackish until this point.  The goniatite marine band 
confirms that brackish conditions ceased, making way for an open marine setting and connection of the 
WINB to the open oceans. 
 
 
Figure 5.15: Sandstone dunes at the top of the Tullig Sandstone, S4, at Trusklieve. Wavelength, λ ≤ 3 m. 
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Figure 5.16: Cross-bedding apparent in Facies S1.3 (LA4) at the 6 m mark at Diamond Rocks (UTM 0454250E, 
5836944N.  Facies associated with open shallow delta front storm deposits.  
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5.4 Trusklieve 
The lithofacies and lithofacies associations identified in the field and discussed in subchapters 5.2 and 
5.3 will hereafter be integrated into descriptions and interpretations of the studied localities.  These 
localities contain outcrops containing both incomplete and complete exposures of the Upper Tullig 
Cyclothem.  These outcrops will be summarized in order of the outcrop completeness and from south to 
north, respectively. 
The Trusklieve outcrop (UTM 0446832E, 3831085N) (Figure 4.1) takes its name from the nearest village, 
and is located on the cliffs approximately 10 km southwest of Kilkee and 1.5 km north of the Point of 
Relief and Tullig Point.  The entire Upper Tullig Cyclothem above the Tullig Sandstone is exposed and 
fully accessible along this steeply dipping outcrop, which is approximately 26 m high and extends 
laterally about 130m, with little or no lateral stratigraphic variation.  The outcrop and logged section will 
be described and interpreted in four subsections: 1) Description and interpretation of the transition 
between the Tullig Sandstone and the initial flooding surface (IFS), 2) the siltstones above the IFS, 3) the 
fine sandstone dominating the upper portion of the outcrop, and 4) the goniatite marine band, or 
maximum flooding surface (MFS), at the very top of the sequence. 
5.4.1.1 Description of upper portion of the Tullig Sandstone and Initial Flooding Surface 
Directly beneath the 26m of siltstones and sandstones of the Trusklieve section is the Tullig Sandstone 
(Figure 5.17).  The top 2 to 3m of the Tullig Sandstone (Facies S4 and LA1) are the only accessible part of 
this unit at this outcrop.  Within these top few meters of sandstone are several important features: 1) 
meter-scale foresets, forming planar cross-bedding (Figure 5.18), 2) dunes that are exposed in planform 
on the bedding planes (Figures 5.19 and 5.20) and 3) a locally hummocky cross-stratified (HCS), 
topography-filling, sandstone bed that thins laterally from 1 m in thickness to less than 0.25m, and 
contains Zoophycos traces on its top surface.   
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The large foresets (Figure 5.18) are found at the base of the log (Figure A1), and are the preserved lee 
side of asymmetrical dunes, which are eroded at their top, and indicate unidirectional flow.  Several 
measured foresets dip between 90° east to 130° southeast.  The internal laminae within the foresets 
vary in thickness from 2.5 to 10 mm. 
Stratigraphically above these asymmetrical dunes are symmetrical dunes up to 3 m in wavelength and 
up to 1.5m in height, with a poorly preserved internal structure.  Measurements of the dunes shown in 
Figure 5.19 indicate flow 020° to the northeast and cross-cutting of internal laminae can commonly be 
seen in cross-section. 
On top of these dunes is a thin bed (0.1-0.5 m) of reworked sandstone which is flat on top, fills the 
underlying topography, and is bioturbated by Zoophycos (Figure 5.21) on the top surface.  In one 
location at the outcrop, the reworked sandstone has the appearance of hummocky cross-stratification 
(Figure 5.22); however, for the most part these bedforms indicate primarily unidirectional flow and are 
not laterally continuous across the outcrop.  The reworked beds are slightly finer grained than the 
underlying dunes, and contain gently-dipping laminae throughout and are draped over their top by mm-
scale laminae.  In some areas, these gently-dipping laminae cross-cut and intersect the overlying draped 
laminae (Figure 5.22).  This bed is mostly discontinuous across the outcrop due to weathering, and 
changes in thickness are a result of the underlying dune topography.   The Zoophycos surface also 
contains rare wood molds and casts (Figure 5.21). 
5.4.1.2 Interpretation 
The Tullig Sandstone has been interpreted as a series of major erosive-based axial deltaic feeder 
channels, or incised valley fill sandbodies (Pulham 1989; Rider 1974; Wignall and Best 2000) with 
predominant current directions to the northeast, indicating a source area to the southwest (Rider 1974; 
Williams and Soek 1993).  Internally, the fluvial sandstones contain stacked, unidirectional, sinuous-
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crested dunes with northerly-dipping cross-sets which range from several decimeters to 1 m thick 
(Wignall and Best 2000).  This evidence was used by Wignall and Best (2000) to calculate an estimated 
maximum flow depth of between 5 and 8m, using an approximated ratio of dune height to flow depth 
(0.25-0.40).  The channelized sandstones (highlighted in Figure 5.17), which make up a majority of the 
Tullig Sandstone fluvial sequence, are capped by three distinctly different bedforms at Trusklieve: 
asymmetrical dunes, symmetrical dunes, and HCS (Figure 5.22).   
The dunes above the major fluvial channels at Trusklieve are not within channelized sandbodies, when 
compared to the lower dune cross-sets in the Tullig Sandstone described by Wignall & Best (2000).  The 
dunes in the upper 2 m of the Tullig Sandstone at Trusklieve change from asymmetrical to symmetrical, 
and are capped by HCS.  The asymmetrical dunes indicate a local unidirectional flow toward the SE and 
E.  The symmetrical dunes indicate a change in flow direction, as well as combined currents toward 020° 
and wave oscillations oriented 020° and 200°.  The HCS on top of these dunes indicates a transition into 
storm-generated combined flows (Allen 1985; Hunter and Clifton 1982; Myrow and Southard 1991; 
Swift et al. 1983). 
Symmetrical dunes are formed in many high-energy deltaic and coastal environments including coastal 
surf zones and waning stages of storms in lakes (Gallagher et al. 1998).  Possible HCS or a product of the 
reworking of these dunes has been found in modern coastal surf zones in the Great Lakes (Greenwood 
and Sherman 1986) as well as in delta front sandstones, such as the Hunt Fork Shale deltaic system in 
Alaska from the Devonian to early Mississippian time periods (Handschy 1998).  This progression from 
symmetrical dunes to reworked dunes at the base of the Trusklieve outcrop may signify a period when 
the environment transitioned from fluvially-dominated to wave and storm-dominated conditions.  This 
indicates that the delta-top channels became abandoned and may represent initial flooding of the 
retrograding delta front.   
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The most likely scenario is that the Tullig Sandstone channels were abandoned and flooded, and were 
thus exposed to a combination of storm waves and unidirectional currents from nearby channels.  The 
asymmetrical dunes transitioning to symmetrical dunes and then to reworked dunes may indicate a 
progression from dominant unidirectional currents to combined flows generated by storms.  
Furthermore, a major environmental change occurred to transition from dunes, to a quiet, low energy, 
offshore zone which allowed Zoophycos to migrate into the area (Pulham 1989).  Zoophycos (Figure 
5.21) has been found in a wide variety of coastal, estuarine, and marine environments from the 
circalittoral (or lower sublittoral) zone, to deep marine bathyal zone (Maceachern et al. 2007).  This 
presence of Zoophycos-supporting environments thus supports the contention that relative sea-level 
rose between the environments that produced dunes and HCS and the Zoophycos surface.   Therefore 
the Zoophycos is considered in this thesis to be the initial flooding surface (IFS) of a transgression. 
Zoophycos is limited to the IFS at Trusklieve and therefore may have been controlled by a temporarily 
ideal substrate (i.e. sand and organic material), salinity, and energy and oxygenation conditions.  
Because this is interpreted as a surface indicating initial flooding due to relative sea-level rise, the 
environment likely was transitional from coastal fluvio-deltaic to a deeply flooded or protected 
environment which experienced very little wave activity.   
Estuaries represent flooded river mouths, following fluvial incision, during relative sea-level rise 
(Catuneanu 2006) and possess subaerial to submarine barrier island complexes in wave-dominated 
settings (Dalrymple et al. 1992).  This is in contrast to transgressive barrier-lagoon systems which are 
associated with coastal environments where there is no incised valley, and sediment is supplied by a 
marine source (Dalrymple et al. 1992).  Furthermore, Dalrymple et al. (1992) define estuaries as  
drowned valley systems which receive sediment from both fluvial and marine sources and contain facies 
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influenced by waves and fluvial processes.  The Tullig Sandstone has been interpreted by some as an 
incised valley fill (Hampson et al. 1999; Hampson et al. 1997).   
It is interpreted in this thesis that the source of the majority of the infill of the Upper Tullig Cyclothem is 
fluvial in origin.  This is supported by the vast majority of paleocurrent measurements in the Upper Tullig 
Cyclothem which indicate both wave and unidirectional currents oriented to the NE, which is the 
preferred direction of flow of the Tullig delta (Wignall and Best 2000).  Therefore, the environment of 
deposition of the Upper Tullig Cyclothem at Trusklieve is hereafter recognized as a submerged delta 
including abandonment (fine-grained) and progradational (sandstone) facies.  This flooded delta setting 
persisted throughout the initial stages of the Upper Tullig Cyclothem at Trusklieve. 
5.4.2.1 Description of Silty Mudstones and Siltstones above the Zoophycos surface 
Approximately 0.25m above the Zoophycos surface, extremely rare, small crinoid stem fragments and 
pyritized bivalves (Figure 5.23) are present within the overlying shaley siltstone.  Approximately 90 
percent of the exposed sediments at Trusklieve are fine siltstone.  The siltstones overlying the IFS at 
Trusklieve are weakly bedded, approximately 20 m thick (Figure A1) and are increasingly interbedded 
with laterally-continuous sandstone sheets up-section.  The siltstone is grey to dark-grey and lightens in 
color upward in the outcrop.  The siltstone contains siderite nodules (0.05-0.20 m in diameter) which 
decrease from 10% of the volume of sediment in the lower 2 m of siltstone to <5% above the 2 m mark 
(Figure A1).  These siltstones are classified as facies T1.1 through T1.3.  Figure 5.24 shows an example of 
Facies T1.1 without siderite nodules, which shows fining-upward laminae.  Pulses of thinly sheeted 
sands (Facies S1.1) are interbedded with the fine silt at about the logged 10m mark, and between the 16 
and 18m marks (Figure A1).  These thin sand sheets begin as very sparse beds of very fine sand (up to 
0.03 m thick), but increase significantly in thickness and occurrence near the top of the outcrop, where 
they reach up to 1 m in thickness.  Cruziana and Scolicia traces can be found on top of the thin sand 
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interbeds (i.e. at the 10 and 17m marks, Figure A1) but do not appear in the outcrop above the 17 m 
mark.   
The siltstone interbeds between 20 m and 21.5 m display symmetrical wave-ripples on top of sandstone 
beds, but internally with foresets indicating an average flow to the NNE.  This may be indicative of 
combined flows.  The wave-rippled surfaces indicate paleoflow oscillations from SW-NE to NW-SE. 
5.4.2.2 Interpretation 
The pyritized bivalves within the shale at the base of the outcrop have been interpreted as an indication 
of a brief pause in clastic sedimentation and a non-depositional marine transgression after the 
abandonment of the underlying Tullig Sandstone (Pulham 1987).  The sideritic mudstone that comprises 
the lowermost part of the outcrop at Trusklieve (Facies T1.1 and T1.2) represents slow rates of fine-
grained deposition from suspension after the recommencement of sediment supply (Pulham 1987).  
Siderite (FeCO3) concretions are formed diagenetically by iron (III)-reducing bacteria in anoxic to dysoxic 
non-marine sediments (Coleman et al. 1993; Ellwood et al. 1988; Fredrickson et al. 1998).  The color of 
the mud and siltstone lightens from dark grey at the base of the outcrop to light grey to white in the 
interbedded siltstones near the top of the outcrop (Figure A1).  These colors of shale and mudstones are 
indicators of both organic-matter (carbon) content and the oxidation state of iron.  Black mudstones can 
form in relatively deep, anoxic, restricted localized basins where reducing conditions are prevalent and 
organic matter is preserved (Suter 2006).  Alternatively, black muds can also be preserved within 
shallow tidal-flat and estuarine environments where organic matter is abundant (Boggs 2009).  Because 
the sediment is darker toward the bottom of the outcrop and within close stratigraphic proximity to the 
fluvial Tullig Sandstones, the sideritic mudstones here are interpreted as indicators of a dysoxic to anoxic 
environment.  This suggests that the flooded Tullig Delta became an environment which was not in close 
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proximity to either fully marine or purely fluvial processes, and the sediments were below the storm-
wave base or protected from wave influence.  
Facies T1.1 is interpreted as sediment deposited from suspension into a semi-marine, low-energy and 
low-oxygen environment which transitioned into facies T1.2 and T1.3, which record deposition into an 
environment that experienced progressively greater wave presence and oxygenation.  The fining upward 
laminae (Figure 5.24) indicate deposition from hypopycnal or homopycnal flows.  These two types of 
density overflows cannot be differentiated in the siltstones.  Hypopycnal flows are known to be common 
near river deltas, where sediment is dispersed as buoyant plumes, and are controlled by density 
differences between the flow and the surrounding water (Mulder and Alexander 2001; Reading and 
Collinson 1996). 
The mudstones at this outcrop coarsen upwards into progressively coarser siltstone facies and have 
been interpreted as indicating an increasingly proximal sediment source and gradual transition into 
distal mouth bar settings (Pulham 1987).  Increasingly coarse silt and an upward increase in wave-
produced structures have also been interpreted as indicating progressively shallow water depths and 
the greater persistence of wave processes during deposition (Pulham 1987).  Trace fossils Cruziana and 
Scolicia correlate loosely with slightly coarser silt, which were more favorable for their brief colonization 
(i.e. a combination of periodic higher oxygen levels and coarser substrate).   
The prevailing siltstone portion of the outcrop at Trusklieve is sediment which was deposited during 
abandonment of the Tullig Delta.  Delta abandonment may have been the result of delta switching 
(avulsion) and/or relative sea-level rise (locally or globally).  Local (autocyclic) sea-level rise may have 
been a consequence of delta abandonment by normal delta switching, followed by subsidence and 
aggradation of fine-grained fluvially-sourced sediment.  Alternatively, global (allocyclic) sea-level rise 
may have forced the abandonment by causing the delta to retreat landward and the environment to 
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deepen.  Allocyclic control may have had a very similar effect as autocyclic control, resulting in local 
aggradation of fine-grained fluvially-sourced sediment and subsidence.  Regardless of the control on the 
rise in sea-level, the resultant depositional environment was a flooded, river-wave dominated delta 
front.  The pattern of upward-coarsening and an increase in wave-produced structures within the 
sequence at Trusklieve suggests that the aggradation rate outpaced the rate of relative sea-level rise, 
producing a shallowing-upward facies sequence. 
5.4.3.1 Description of Fine Sandstone Beds and Top Siltstone Bed at the Top of the Trusklieve Outcrop 
Sandstone becomes increasingly prevalent in the outcrop between 20 and 24 m (Figure A1).  The lower 
sandstones at the 20m mark contain symmetrical wave-rippled surfaces (Figure 5.25), indicating a large 
range of oscillatory directions, but primarily WNW-ESE and WSW-ENE.  Cross-bedding indicating 
multidirectional waves between 20 and 24 m suggests a primarily NNE flow direction, and the tops of 
these beds are frequently marked with interference ripples, which also indicate NW-SE (dominant) and 
SW-NE (less dominant) wave oscillations.  Some surfaces only show evidence for purely oscillatory 
currents, but these largely cease above the 22 m mark where combined flows were also in effect, 
creating a 0.5m-thick, very low angle HCS bed at 23.5 m (Figure 5.26 and Figure A1). 
The HCS bed near the top of the Trusklieve outcrop consists of internal shallowly-dipping cross-laminae.  
The laminae drape the low angle hummocks, and in cross-sectional view (Figure 5.26) show upwardly 
curved intersections.  In plan view, this bed is flat-lying to undular, with the top surface reworked by 
interference ripples indicating a wide range of N-S to E-W flows.  The sandstones above 22.5 m (except 
for the HCS bed) have been lightly reworked by undifferentiated vertically-burrowing organisms (Figure 
5.27).  The very top sandstone bed at ~24 m is thoroughly burrowed and capped with poorly preserved 
Planolites (unbranched), Palaeophycus (branched), and Skolithos (hollow vertical burrow) traces (Figure 
5.28).  
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5.4.3.2 Interpretation 
Previous authors have named the sandstones at the top of the Upper Tullig Cyclothem the Moore Bay 
Sandstone (Wignall and Best 2000; Wignall and Best 2004).  Both the upper Tullig Sandstones and the 
overlying siltstones at Trusklieve have been identified in this thesis as deposits indicating a relative sea-
level rise or transgression.  According to the estuarine facies model by Dalrymple et al. (1992), the Tullig 
Sandstone and overlying siltstone may represent two of the three tripartite zones: Bay-head delta (i.e. 
top portion of the Tullig Sandstone), and fine-grained basin (siltstone) deposits of a wave-dominated, 
transgressive estuary.  The third zone identified by Dalrymple et al. (1992), however, is a marine 
sandbody comprised of a fine-sand barrier complex and related washover deposits (Figure 5.29).  This 
paleoenvironmental model, whether accepted or not for this thesis, will be addressed in this chapter, 
and how the interpretation relates in terms of the lithofacies, lithofacies associations, and the overall 
studied outcrops.   
Penland et al. (1988) described the process of delta abandonment resulting in a transgressive phase of 
the delta cycle of the Mississippi River complex.  In this case, abandoned delta complexes subside, and 
coastal processes rework the seaward margin to generate subaerial and subaqueous sand barriers 
backed by bays and lagoons.  According to this model, the deposition of sand into an enclosed bay, 
estuary, or lagoon, which previously deposited primarily mud and silt from suspension, may be 
representative of erosion and flooding of barrier islands which separated an enclosed bay from open 
marine conditions.  This has also been established by other authors including Bridges (1976), Cattaneo 
and Steel (2003), Reinson (1992) and Sedgwick and Davis (2003). 
The sandstones at Trusklieve are inconsistent with the transgressive barrier models, primarily because 
the paleocurrent measurements in these sand units do not indicate landward migration.  As discussed in 
chapter 3.2, the transgressive barrier models discussed by Bridges (1976), Sedgwick and Davis (2003), 
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and Cattaneo and Steel (2003) the stratigraphic response of a coastline to transgression is barrier or 
shoreface retreat.  This occurs when the shoreface migrates landwards, preserving transgressive 
deposits beneath a ravinement surface.  The barrier islands migrate landward, creating stratigraphy 
commonly displaying landward-dipping plane beds comprised of well-sorted sand with distinct laminae 
of shells and heavy minerals (Sedgwick and Davis 2003).  None of the characteristic landward-dipping 
plane beds, shell horizons, or heavy minerals are present in any of the Trusklieve section.  In addition, 
the sands of the upper portion of the outcrop are generally either thoroughly wave-rippled or fine-
upwards, which indicates deposition from suspension (i.e. hypopycnal flows), followed by bottom wave-
reworking.  The mechanism for a transgressive barrier washover model of deposition and reworking 
cannot be reconciled given the evidence at Trusklieve.  Instead, the sandstone unit discussed herein is 
interpreted as a product of deposition from suspension from a prograding delta distributary.  This is 
consistent with the interpretation of the Moore Bay Sandstone (sensu Wignall and Best (2000)) by 
Pulham (1987) as being the product of a system of distal, prograding mouth bars.  The mouth bar sands 
in this prograding delta front environment were deposited above the storm-wave base, but below the 
fair-weather wave base.  This is supported by symmetrical and interference rippled surfaces, and 
hummocky cross-stratification (HCS) which are not persistent throughout all of the sandstone beds in 
the upper portion of the outcrop (i.e. Facies S1.1).  Evidence for rising oxygen and salinity levels, coupled 
with a disappearance of wave-generated bedforms, is given by the bioturbation found within the top 
sandstones.  This indicates that the water bottom environment was once again quiet and low energy as 
a result of relative sea-level rise. 
The delta distributary was abandoned again and returned the environment to quiet, low energy 
conditions, depositing 2 m of unfossiliferous siltstone (Facies T1.2).  The 2 m of siltstones directly below 
the MFS indicate a period of abandonment and aggradation before the final major upward-step in 
relative sea-level.  The lack of siderite may be an indication of oxygen-rich sediment conditions.  The 
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absence of marine fauna within these upper siltstones suggests that the environment was still brackish 
and not yet fully-marine, as a result of continued water and fine sediment influx from the retreating 
delta system. 
5.4.4.1 Description of the Goniatite-rich shale above the top siltstone bed 
Reticuloceras stubblefieldi (Figure 5.30), disarticulated crinoid stems, and Dunbarella are common within 
a single shale bed at the top of the sequence.  The bed is no more than 0.1 m thick and is easily 
recognizable by a slickenside surface (Figure 5.30).  Because of the movement along the slickenside, the 
goniatites are in poor condition, but are still easily recognizable.  The fossil band stretches laterally 
across the entire width of the outcrop. 
5.4.4.2 Interpretation 
Relative sea-level rise was sustained after the deposition of the Moore Bay Sandstone mouth bar sand 
and 2 m of Facies T1.2 silt, until the rise in relative sea-level yielded fully marine conditions and marine 
fauna.  This sustained relative sea-level rise is supported by a return to low-energy conditions (i.e. below 
storm wave base) which deposited facies T1.2.  The presence of goniatites indicates fully marine 
conditions, and represents the maximum flooding surface (MFS) of the Upper Tullig Cyclothem.  The 
goniatites at this MFS have been identified by several authors as the Reticuloceras stubblefieldi marine 
band (Western European index fossil R1b3 of the mid-Kinderscoutian regional stage) (Collinson et al. 
1991; Hodson 1954a; Rider 1974; Rider 1978; Waters et al. 2007; Wignall and Best 2000). Goniatites, 
crinoid fragments and Dunbarella are only found along this thin band at the top of the sequence, and 
represent a condensed section; a thin, stratigraphic unit which indicates a prolonged period of non-
deposition consistent with deeper marine settings with little sediment supply. 
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Figure 5.17: Facies S4, the Tullig Sandstone, viewed in cross-section at Trusklieve.  Sandstone beds of the top 
several meters of the Tullig Sandstone unit have been highlighted. 
 102 
 
 
Figure 5.18: Foresets at the top surface of the Tullig Sandstone at Trusklieve, Facies S4.  Scale: Pencil, ~0.15m in 
length. 
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Figure 5.19: Dunes at the top of the Tullig Sandstone at Trusklieve, Facies S4. 
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Figure 5.20: Cross-section of the symmetrical dunes highlighted at the top of the Tullig Sandstone at Trusklieve.  
Highlighted portion illustrates thinning of the sandstone bed at both sides of the dune. 
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Figure 5.21: Zoophycos and wood debris at the top surface of the Tullig Sandstone at Trusklieve.  Log height = 0m 
(Figure A1) UTM 0446790E, 5831060N 
 
 
Figure 5.22: Schematic ketch of the Upper Tullig Sandstone at Trusklieve.  Sketch includes traces of field photos 
and interpreted bedding below the Zoophycos initial flooding surface at the logged 0m mark. 
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Figure 5.23: Pyritized bivalve in lower 1m of Upper Tullig Cyclothem at Trusklieve; Scale: €2 coin, 25.75 mm 
diameter. Log height = 0.15m (Figure A1) 
 
Figure 5.24: Facies T1.1, at 1.2m mark at Trusklieve (Figure A1) showing several layers of fining upward siltstone.  
Note the contrast in preservation of laminae in the weathered versus unweathered portions. 
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Figure 5.25: Wave-rippled surfaces on top of S1.2 sandstones at the 20m level at Trusklieve.  Refer to log (Figure 
A1) for paleocurrent rose diagrams. 
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Figure 5.26: Low-angle hummocky cross-stratification (Facies S1.3, LA) within sandstones at 23.5 m mark at 
Trusklieve (Figure A1).  This is interpreted as low-angle HCS because of the convex-up, mounded shape of the 
bedding surface and the uppermost draped laminae which truncate the lower laminae within the bed. The bed 
contains traction surface near the top indicating combined flow during storms, and reactivation surface near the 
middle, suggesting flow reversal. 
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Figure 5.27: Sandstone beds reworked by burrowing at 24m on Figure A1.  Note the bed underneath the pen is 
highly reworked and no original sedimentary structures remain.  Trusklieve outcrop UTM 0446832E, 3831085N. 
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Figure 5.28: Top sandstone surface at Trusklieve (UTM 0446832E, 3831085N), reworked by bioturbation at 24.2m 
on Figure A1.  The bioturbation is in the form of hollow vertical burrows, possibly Skolithos (middle arrow), and 
Palaeophycus marked by horizontal sediment-filled burrows (left and right arrows). 
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Figure 5.29: A schematic example of an estuary, showing distribution of A) energy types, B) morphological 
components in plan-view, and C) sedimentary facies in longitudinal cross-section in an idealized wave-dominated 
estuary.  Image from Dalrymple et al. (1992). 
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Figure 5.30: Maximum flooding surface represented by the Reticuloceras stubblefieldi goniatite fossil bed, 26.25m 
on Figure A1. 
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5.5 Carrowmore Point 
The Carrowmore Point outcrop (UTM 466340E, 5846580N) is named after the nearest village, and is 
located at the northern point of Doughmore beach, near the town of Doonbeg (Figure 4.1).  The outcrop 
exposes the full Upper Tullig Cyclothem above the Tullig Sandstone.  This outcrop will be described and 
interpreted in four subsections: 1) the transition between the Tullig Sandstone and the initial flooding 
surface (IFS), 2) the first coarsening-upward parasequence, 3) the second coarsening-upward 
parasequence, and 4) the third coarsening-upward parasequence and maximum flooding surface (MFS). 
5.5.1.1 Description of upper portion of the Tullig Sandstone, the Initial Flooding Surface and Coal 
The top two to three meters of the Tullig Sandstone (Lithofacies S4 and LA4) is markedly different than 
the outcrop at Trusklieve.  There are no large dunes or HCS present at Carrowmore Point; instead, the 
sandstones are lenticular in shape at the upper portion with cross-laminae indicating flow broadly 
northwards, and possess wave-rippled bedding surfaces with NE-SW (070°) paleocurrent oscillations.  
The top surface of the Tullig Sandstone also contains in situ Stigmaria roots (Figure 5.31) and rootlets.  
Stigmaria, a form taxon and trunk root of the Carboniferous tree-like club moss Lepidodendron, shows 
well-developed root scars and has small rootlets radiating outward into the surrounding sandstone.   
This surface is capped by an approximately 0.5 m thick seam of high-sulfur, shaley, pyritic coal. 
5.5.1.2 Interpretation 
The paleoflow directions within the upper Tullig Sandstone, indicating flow primarily to the northeast, 
are consistent with the equivalent unit at Trusklieve, as well as previous literature which describes this 
locality (Gill 1979; Pulham 1987; Rider 1974; Stirling 2003; Wignall and Best 2000).  The transition 
between the upper Tullig Sandstone and the IFS at Carrowmore Point, described in detail by Pulham 
(1987), is dissimilar to the transition at Trusklieve.  This upper portion of the Tullig Sandstone at 
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Carrowmore Point becomes increasingly wave-rippled towards the top with thin, silty interbeds, 
indicating finer-grained deposition and ripple lamination from waning flows (Stirling 2003).  The abrupt 
change of channel and channel margin sandstones to shaley coal at the base of the Upper Tullig 
Cyclothem at Carrowmore Point indicates final abandonment from a fluvial environment to a flooded 
coastal swamp or marsh containing Lepidodendron, as indicated by in situ Stigmaria (Figure 5.31) and 
coal.  Sulfur-rich and thin coals have been interpreted as characteristic of lower delta-plain or back-
barrier environments, and have been found to be typically laterally discontinuous in these settings 
(Horne et al. 1978; Jones and Cameron 1988). 
The Tullig Sandstone at Carrowmore Point has been described and interpreted by Pulham (1987) as a 
dual-tiered unit indicating high flow regime channel processes in its basal level, and lower flow regime, 
channel margin processes in its upper section.  At the top of the second Tullig Sandstone tier, diverging 
cross-laminae may indicate deflection of low discharge flow around near emergent to emergent 
bedforms or bars (Pulham 1987).   
A transition from fluvial processes of the Tullig Sandstone to mud and coal deposits of the Upper Tullig 
Cyclothem indicates a lateral movement of the Tullig delta channels and abandonment of fluvial facies.  
This is consistent with the stratigraphic equivalent at Trusklieve; however, the deposits at Carrowmore 
Point only indicate initial flooding into shallower conditions, exhibited by coal and terrestrial flora, and 
do not possess a Zoophycos reworked surface. 
5.5.2.1 Parasequence 1: Description of first coarsening-upward sequence above the Initial Flooding 
Surface 
The Carrowmore Point outcrop is approximately 50 meters in thickness, and can be divided into three 
coarsening-upward parasequences that each culminate broadly in three distinctly different sandstone 
facies.  The first coarsening-up parasequence is approximately 9.5 m thick, is composed of mostly 
 115 
 
siltstone, with siderite (Figure 5.32) nodules in the lower 4.5 m, and is capped by a 0.5 m thick, 
thoroughly bioturbated sandstone. 
The silty mudstones and siltstones above the IFS at Carrowmore Point are analogous to the stratigraphic 
equivalent at Trusklieve.  Siderite nodules form along weak bedding planes and are common in the 
lower 4 meters of the section, and decrease in number upward in a similar fashion to the Trusklieve 
outcrop.  The nodules are almost completely absent above the 4.2 meter mark (Figure A2), which is 
accompanied by an upward lightening in color of the muddy siltstones (Elliott et al. 2000), as well as a 
coarsening-upwards near the 9 m mark (Figure A2).  Immediately below the first sandstone bed (9 m on 
Figure A2) are a series of alternating fine sandstone and siltstone (T1.3) laminae, which are light gray 
and dark grey in color, respectively.  These laminated silts and sands begin at approximately the 8 m 
mark on the log.  The laminae are indistinct in these sections and display a significant amount of 
undifferentiated burrowing trace fossils which increase in prevalence upward into the overlying 0.5 m 
thick, thoroughly bioturbated sandstone bed (Figure 5.33). 
5.5.2.2 Interpretation of Parasequence 1 
The processes that deposited the sideritic muddy siltstone above the IFS at Carrowmore Point are 
identical to those interpreted for the similar sequence at Trusklieve: deposition from suspension into a 
brackish, low-energy and low-oxygen environment.  Due to the direct proximity of the underlying 
sandstone, in situ roots and coal, the source of the silt was likely from dispersal of buoyant plumes into 
the flooded area from the nearby river delta.  The coarsening-upward trend at the top of this first 
parasequence indicates a more proximal sediment source.  Because there are no paleocurrent indicators 
in the sandstone, there are two primary possible sources of this sand: 1) The sand may have originated 
from the flooding of mouth bars during a major storm or pulse in sea-level rise, or 2) as a result of 
flooding events from the retreating Tullig Delta.  The low diversity of bioturbation and presence siderite 
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within the sediment are indicators that the sediment was deposited in brackish conditions (Mangano 
and Buatois 2007).  An increase in oxygen and/or water salinity may have supported the burrowing 
fauna in this sand temporarily (Miller and White 2007).   
5.5.3.1 Parasequence 2: Description of second coarsening-upward sequence above 9.5 m 
The second parasequence starts at the top of the bioturbated sand at 9.5 m, and ends at approximately 
the 38 m mark (Figure A2).  Facies T1.1 siltstones make up the majority of the first parasequence, 
resumes above the bioturbated sand at 9.5 m, and are largely featureless, except for a single siderite 
band at 12 m.  The silts show a greater color variation than in parasequence 1, and lighten in color 
upward from dark to light grey.  At 21 m, the deposition of siltstone is briefly interrupted by the 
deposition of several thin, fine sand beds (Facies S1.2).  Between 25 m and 29 m, during this coarsening-
upward sequence, several clear soft-sediment deformation horizons can be found at approximately 25 
m, 26.5 m, 28 m, 29 m and 32.5 m (Figure A2).   
The lower deformed portion (overall approximately 4-5 m thick) occurs within thin, discontinuous fine 
sandstone beds near the 25 m mark.  The deformation exhibits a great deal of mixing between the 
siltstone and sandstone, including brecciated sandstone blocks “floating” within the siltstone, which 
accounts for the discontinuity of the sandstone.  The deformed siltstone and sandstone beds are 
convoluted, but contain clear evidence for fluidization, especially of the siltstone, given by a wavy 
appearance and entrainment of the sandstone blocks.  These sandstone blocks range in size between 
approximately 0.2 to 2m in width.   
The siltstone above this is weakly bedded and contains a thin siderite band at 26 m.  Two more 
deformed horizons are visible in the coarsening-upward silt to thinly laminated fine sand between 26.5 
and 28 m.  This exhibits abundant convolute laminae that indicate horizontal movement.  The upper 
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deformed horizons at 29 m and 32.5 m contain primarily massive and convolute bedding within 
alternating undisturbed and convolute bedding and laminae. 
At 31 m, sandstone beds lie on top of a 1 m thick interbedding of T1.2 siltstone, and contain Scolicia and 
isopod furrowing (Cruziana) and walking (Diplichnites) traces (Figure 5.35).  These sandstone beds, 
Facies S1.1, are generally massive, and occasionally are finely laminated.  The laminae are between 0.01 
and 0.06 m thick, with approximately 1 mm of silt separating each bed.  At 33 m, 0.5 m of siltstone is 
again interbedded with these sheet-like sandstones, and is capped by 3 meters of sand sheets with no 
trace fossils.  The second parasequence is overlain by a 6 m thick deformed siltstone bed which makes 
up the base of parasequence 3. 
5.5.3.2 Interpretation of Parasequence 2 
As previously established in this thesis, the sideritic siltstone indicates an environment which was non-
marine and low energy with anoxic to dysoxic conditions.  The siderite is sparser in this segment of the 
outcrop, which indicates that low energy and oxygen conditions were not as persistent as before, and an 
increase in oxygenation is supported by lightening-upward in the color of the silts.  This fine sediment 
indicates a continuation of delta front abandonment as interpreted for the Trusklieve outcrop, i.e. 
sediment deposited from suspension by hypopycnal plumes into a protected bay or prodeltaic 
environment.   
The transition to lighter siltstones near the 16 to 20 m segment of the log (Figure A2), is not 
accompanied by preservation of wave-influenced bedding, but is clearly lighter in color that suggests 
higher oxygenation levels.  This is accompanied by much more poorly bedded silts and an increase in the 
prevalence of soft-sediment deformation.   
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Three types of soft-sediment deformation have been described in the delta-slope succession of the 
Western Irish Namurian Basin (Martinsen 1989): 1) slumps, which are primarily muddy and dominated 
by significant internal, plastic deformation as a result of shallow gravitational gliding, 2) slides, which are 
either muddy or sandy with minor internal deformation, such as localized microfaults and slide folds, 
also as a result of shallow gravitational gliding, and 3) water-escape structures, which formed in situ, 
including mud and sand dykes and volcanoes, collapse depressions, mud diapirs and small-scale loading, 
as a result of liquefaction and fluidization.  Syndepositional deformation features of the cyclothems in 
County Clare were described and interpreted in detail by Gill (1979) as a result of depositional slopes of 
the fingers of delta channels, with no influence from tectonically developed slopes.  Gill (1979) also 
correlated the deformation with advancing distal bar sandstone facies; and where the sandstone facies 
are undeveloped, argues that the cyclothem is largely undisturbed.   
At Carrowmore Point, especially between the logged 25 and 29.5 m marks of Parasequence 2 (Figure 
A2), the soft-sediment deformation occurs within thin beds of both fine sand and mud, with evidence of 
plastic deformation (Figure 5.34).  When interpreted in the light of the definitions of Martinsen (1989), 
these relatively thin deformed horizons are interpreted as small slumps because they have considerable 
internal deformation, which is a feature not consistent with slides, and do not indicate upward pore 
water movement.  This interpretation does not exclude water-escape or liquefaction, which, although 
often primarily characterized by upward movement of water and sediment, can also be density-induced 
as a result of rapid deposition and loading of sand on unconsolidated mud (Lowe 1975; Martinsen 1989). 
The weakly bedded, thin sand sheets at 21 m indicate either storm or flood deposits which settled from 
suspension.  The sands are massive, as indicated by uniform grain size and an absence of laminae, and 
indicate the initiation of the coarsening-up portion of Parasequence 2. 
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Similar to the top sands at the Trusklieve outcrop (between 20 and 24 m on Trusklieve log, Figure A1), 
the Facies S1.1 sand sheets at Carrowmore Point, particularly between meters 31 and 37 on the log, are 
interpreted as fine sand deposited from suspension (hypopycnal flows) into standing water.  The 
massive nature of the sand sheets at this locality, aside from the fine silt laminae near the top of each 
sheet, is a function of grain size uniformity.  These sands are described in section 5.2.1.1, and are 
recognized by their flat horizontal bedding, non-erosive bases, and fining-upward characteristics.  The 
beds are interpreted as sediment deposited from suspension from hypopycnal flows originating from 
the delta, and depositing into a protected bay or prodeltaic environment.  The trace fossils in these beds 
indicate an increasing marine connection, prompting an increase in salinity.  The Cruziana ichnofacies 
found in this portion of the outcrop is known to be present in marine to semi-marine stagnant water 
environments which are free from turbidity flows or bottom currents (Maceachern et al. 2007). 
5.5.4.1 Parasequence 3: Description of third coarsening-upward sequence above 37 m  
Above the sheeted sandstones (T1.1) which cap Parasequence 2, is 6 m of deformed siltstone (T2.1).  
The siltstone is completely deformed (massive due to grain size uniformity) up until 43 m (Figure A2), 
and gradually coarsens upward near the top, transitioning gradually to light grey coarser siltstone (T1.2).  
Light grey siltstone beds, 5 mm thick, show abundant wave-ripples, all indicating primarily west-east 
oscillations.  These wave-rippled silts coarsen into thoroughly wave-rippled, thin sandstone beds, which 
increase in thickness upward to 10 mm near the 47 m mark (Figure A2).  These symmetrical ripples 
indicate combined flow oscillations and unidirectional currents with slightly preferred flow direction to 
080° ENE, with a few oriented 120° and 200° SSW.  At the top of the first wave-rippled sandstone unit, at 
47 m, a 0.4 m thick siltstone occurs that contains alternating dark and light grey, slightly contorted 
laminae (Figure 5.36).  The laminae indicate indistinct cross-bedding and sparse burrows that have been 
deformed by compaction.  Above these silts are thin, and thoroughly bioturbated, medium-grained 
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sandstone sheets which make up the upper portion of Parasequence 3.  The bioturbation consists of 
Helminthoidea and undifferentiated horizontal and vertical burrowing throughout the entire top 1 m 
below the MFS (Figure 5.37). 
Finally, the goniatite marine band lies above these sandstones.  The fossil assemblage includes 
Reticuloceras stubblefieldi, crinoid stem fragments (ossicles), and rare orthocone nautiloids. 
5.5.4.2 Interpretation of Parasequence 3 
The deformed siltstones at the base of the third parasequence consist of clear, large-scale deformation, 
as no original bedding is preserved.  In accordance with the characterization of soft-sediment 
deformation features by Martinsen (1989), the thoroughly internally deformed, fine-grained siltstones 
are interpreted as slump deposits.  Slump deformation is controlled by instabilities associated with slope 
gradient, topography and sediment layering (Strachan and Alsop 2006).  The direction of slump 
transport is indiscernible within the deformed siltstones at Carrowmore Point, and is interpreted here as 
localized, syndepositional ductile deformation resulting in instabilities generated by overloading and 
dewatering along a slope.   
The anomalous thickness of the Carrowmore Point outcrop is an indication that local topography may 
have played a role in the volume of sediment deposited, as well as the amount of slumping that 
occurred.  This section at Carrowmore Point is approximately 24 m thicker than the Trusklieve outcrop, 
and 41 m thicker than the Furreera outcrop in the north.  This thickness disparity suggests either pre-
existing lateral variability in topography, or varying local syndepositional subsidence rates within the 
Clare Basin at this time.  Subsidence, or the downward displacement of land relative to sea-level, often 
occurs in deltaic regions associated with riverine and estuarine sedimentation (Chen and Rybczyk 2005). 
Therefore, changes in topography may partly control the thickness of the outcrops, and combined with 
overloading by sand deposits (Gill 1979), may have triggered slumping and deformation.  In addition, the 
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thickness of the outcrops is also controlled by the preservation potential, which is high in delta plain 
settings of wave-dominated deltas as a result of rapid subsidence and aggradation (Heward 1981).   
The abundant wave-rippled sandstone beds above the slump between 46 and 48 m (Figure A2) 
represent numerous delta-flooding events which deposited each bed via settling from hypopycnal flows.  
Prograding delta distributaries were the likely source of the hypopycnal flows, and the sand deposition 
formed as distal mouth bars.  After deposition, these distal mouth bar sands were reworked by waves 
and indicate a shallowing-upward sequence.  This was likely due to a relatively high sandstone 
sedimentation rate which formed these mouth bars, which may have outpaced subsidence and 
subsequent local rise in relative sea-level.  The top thin sand beds at Carrowmore Point represent similar 
reworking processes as those expressed at the Trusklieve outcrop, oscillatory wave currents generated 
above storm wave-base.   
The fine sand-laden hypopycnal flow events ceased once again as a result of abandonment, further 
depositing a 0.4 m fine siltstone bed with numerous alternating dark and light laminae (Figure 5.36).  
The laminae represent settling of fine-grained sediment from suspension that was continually reworked 
by waves during deposition. 
The uppermost sandstone from 47.5 m to the MFS is thoroughly bioturbated and indicates more 
hypopycnal depositional events and distal mouth bar formation.  The lack of wave-ripples in this 
segment suggests that the water bottom was again below storm-wave base, but had enough oxygen and 
salinity to support burrowing organisms.  This may suggest an increasing marine influence and 
ultimately fully marine conditions at the MFS.  The MFS was deposited directly on top of the upper 
sandstone unit.  This indicates a rapid sea-level rise converting the brackish water environment to open 
marine.   
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Figure 5.31: Stigmaria root and rootlets in situ at the base of the Upper Tullig Cyclothem at 0m on Carrowmore 
Point log (Figure A2).  Scale: €2 coin, 25.75mm diameter. UTM 0466350E, 5846585N 
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Figure 5.32: Sideritic siltstone immediately above the IFS at Carrowmore Point.  Note the poorly-defined bedding in 
the siltstones, 2m on log (Figure A2) Scale: €2 coin, 25.75mm diameter. UTM 0466350E, 5846585N 
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Figure 5.33: Top of coarsening-upwards Parasequence 1 at Carrowmore Point, 8.5m on log (Figure A2). UTM 
0466328E, 5846645N 
 125 
 
 
Figure 5.34: Coarsening-upwards portion of Parasequence 2 at Carrowmore Point, 28m on log (Figure A2).  Note 
the slumping within the fine sandstone sheets, and the uniform thickness of the sandstone beds near the top of 
the photo.  Laterally discontinuous sandstone beds are easily noticeable at the center-right of the photo. Scale: 
Field notebook, 0.19m in height. UTM 466325E, 5846650N 
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Figure 5.35:  Upward-looking view of the underside of the sand sheets at the top of Parasequence 2 (~34m on 
Figure A2) at Carrowmore Point, shown at the top of Figure 5.34.  Cruziana represent isopod furrowing and detrital 
feeding traces, and Diplichnites represent emergence and walking along the surface.  UTM 466325E, 5846650N 
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Figure 5.36: Silty mudstone interbedding (Facies T1.2) in the top two sand beds in the upper portion of 
Parasequence 3 at Carrowmore Point (47m on Figure A2).  Distinct cross-bedding, as well as deformation by 
burrowing and possible compaction is present in this bed.  This siltstone bed marks the last abandonment phase of 
the distributary mouth bar environment before the MFS, and a return to a shallowing-upward interdistributary bay 
setting.  Scale: Pen, 0.13m long. UTM 0466278E, 5846660N 
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Figure 5.37: Bioturbated and highly weathered, medium-grained sandstone beds at the top of Parasequence 3 at 
Carrowmore Point (48m on Figure A2).  UTM 0466278E, 5846660N 
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5.6 Furreera 
The Furreera outcrop (UTM 0470325E, 5865350N) takes its name from a point along the north coast of 
Liscannor Bay, although the precise location of the outcrop is named on historical maps as 
Pouladooneen, which is south of the Irish townland or “bally” of Shingaunagh South.  The outcrop is 
primarily exposed along a cliff face, only accessible during low tide, and is approximately 9m in 
thickness, this being significantly thinner than the Upper Tullig Cyclothem outcrops to the south.  Like 
Trusklieve and Carrowmore Point to the south, this outcrop displays a complete section of the upper 
Tullig cyclothem. 
5.6.1.1 Description of the upper portion of the Tullig Sandstone, the Initial Flooding Surface and Coal 
The upper portion of the Tullig Sandstone is mostly covered by boulders, sand and barnacles on the 
eastern end of the outcrop.  The top surface of the Tullig Sandstone is accessible, and dips 5° to the 
southwest.  On this surface are 2-dimensional, symmetrical wave-rippled surfaces which indicate 
000°/180° oscillations (Figure 5.38).  Above these ripples, an abrupt transition to coal and siltstones 
occurs.  This transition is marked by a bioturbated sandstone bed that also contains in situ Stigmaria 
with rootlets (Figure 5.39), and is immediately overlain by a thin 0.1 m bed of coal and black shale.  The 
unidentified bioturbation is highly weathered and chaotic, and appears to indicate either the traces of 
abundant rootlets or significant burrowing in the top 0.3 m of the Tullig Sandstone.  The overlying coal 
contains fragments of wood debris, and gradually grades into highly organic black mudstone at 0.2 m on 
the log (Figure A3). 
5.6.1.2 Interpretation  
This portion of the outcrop represents the transition between the Tullig Sandstone and the Upper Tullig 
Cyclothem at Furreera, and is interpreted as a fluvial-dominated delta plain succession comprising 
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interdistributary levee and minor mouth bar sequences, followed by delta front abandonment and 
emergent conditions, as indicated by coal and rootlets.  This is consistent with the interpretation 
presented for both the Trusklieve and Carrowmore Point outcrop equivalent portions.  The dark 
mudstone above the coal and rootlet horizon is interpreted as the IFS, and indicates the final 
abandonment of delta channels and persistently flooded swamp conditions.  The information stated 
herein supports the interpretations made by Pulham (1987).  
5.6.2.1 Description of Sideritic Shale and Siltstones above the IFS 
At approximately 0.3 m on the log (Figure A3), the shale begins to gradually coarsen and lighten upward, 
and contains siderite nodules and sparse undifferentiated burrows.  Wave ripples present within the 
lower portions of the shale at 0.2 m indicate combined flows oriented primarily toward 025° NE.  The 
coarser silt begins at the 2.5 m mark and contains no siderite, and very faint oscillatory wave ripples 
indicating flows oriented 040°/220°.  The siltstones at Furreera are more clearly bedded than at the 
equivalent siltstones at Trusklieve and Carrowmore Point.  At approximately 4.5 m on the log, ribs of 
coarser siltstone (Figure 5.40) and fine sandstone appear every 10-20 mm, increasing in separation up-
section.  These contain numerous faint internal wave ripples and occasional 0.03 m thick siderite bands.  
Ripple directions indicate oscillations oriented primarily to the SW and NE.  This coarsening-up package 
is followed by 0.5m of thinly bedded, light grey, fine siltstone. 
5.6.2.2 Interpretation 
The lightening- and coarsening-upward pattern of the mudstones and siltstones at Furreera is similar to 
that present at both the Trusklieve and Carrowmore Point outcrops.  The unfossiliferous dark muds and 
siderite at the base of the section are interpreted as indicators of a dysoxic, brackish environment.  This 
suggests that, like at Trusklieve and Carrowmore Point, the flooded Tullig Delta became an environment 
not within direct proximity to either fluvial or marine processes, and was protected from waves or 
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situated below storm-wave base.  This represents a rapid relative sea-level rise or abandonment to 
transition directly from emergent-swamp to brackish-subaqueous conditions.  The siltstones (Facies 
T1.1) are interpreted to be deposited by hypopycnal flows sourced from the abandoned/retreating 
delta, but with the coarsening-upward portion representing an increasingly proximal source of 
sediment.  The upward increase in wave ripples is an indication of increased reworking by waves (Facies 
T1.3).  This portion of the outcrop is interpreted as fine sediment deposited from suspension during a 
period of low-deposition rates, followed by bottom wave-reworking, and then aggradation as a result of 
delta abandonment, accompanied by sea-level rise. 
5.6.3.1 Description of the upper Sandstone unit, Zoophycos surface, siltstone and MFS  
The sandstone at the top of the Furreera outcrop (Facies S3) is approximately 2.5m thick, and is weakly 
laminated, and highly bioturbated throughout (Figure 5.41), and reworked at its top surface by 
Zoophycos (Figure 5.42a).  Sparse and indistinct wave-rippled surfaces indicate waves oriented primarily 
130°/310° and 146°/326°.  The beds thicken upward in the sandstone unit from 0.04 m at the base, to 
over 0.5 m at the top.  The top surface is a highly weathered and laterally continuous surface with 
abundant Zoophycos traces.  This surface is exposed along the shoreline for at least 1 km to the west of 
the locality (Figure 5.42b).  Finally, the sequence is capped by 0.4 m of faintly-bedded, dark grey 
siltstone, and a Reticuloceras stubblefieldi goniatite-rich shale bed containing wood debris and 
Dunbarella. 
5.6.3.2 Interpretation 
The sandstones at the top of the Upper Tullig Cyclothem are named the Moore Bay Sandstone (Wignall 
and Best 2000; Wignall and Best 2004), and have been identified in this thesis (chapter 5.4.3.2) as 
deposits that formed into mouth bars.  Dalrymple et al. (1992) proposed a tripartite zonation model of 
transgressive wave-dominated flooded valley systems, which includes delta deposits, a fine-grained 
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central basin, followed by barrier washovers (Figure 5.29).  This is similar to the Penland et al. (1988) 
model for the landward migration of Mississippi River transgressive barrier islands, which also presents a 
similar zonation.  Neither model fits in light of the nature of the Moore Bay Sandstone because the 
sandstones are interpreted herein as being hypopycnally deposited due to an overall lack of tractional 
features and wave ripples that do not coincide with the interpreted SW migration/abandonment of the 
Tullig delta.  Deposits that were deposited hyperpycnally are not considered to be a dominant 
depositional process due to the significant preservation of directly underlying bedforms.  The Moore Bay 
Sandstones at Furreera, as well as Trusklieve and Carrowmore Point, primarily consist of massive to 
fining-upward sand, which was then either reworked by water-bottom waves or bioturbation.  The 
general trend suggests that the oscillatory and combined flow bedforms that occur near the top of the 
Moore Bay Sandstone indicate a shallowing-upward sequence during the transgression. 
The model proposed by Dalrymple et al. (1992) involves transgression and flooding of an incised valley 
with shoreline-migrating transgressive barriers.  The model of Penland et al. (1988) involves a 
transgressive model of the Mississippi River Delta positioned on the continental shelf, which is more 
open and also develops a similar zonation including abandonment facies (the IFS), fine-grained inner 
lagoon deposits or prodeltaic muds, and shoreline-migrating transgressive barrier islands and sand 
washover deposits.  The barrier islands described by Penland et al. (1988) become flooded as a result of 
sea-level rise, transforming the subaerial islands into inner-shelf shoals which continually rework into a 
marine sandbody.  However, none of the sands found at the Furreera outcrop indicate sand migration 
toward the shoreline, as the average paleocurrent measurements indicate oscillatory flows oriented 
toward the NW/SE, perpendicular to the interpreted shoreline orientation to the SW. 
The top surface of the Moore Bay Sandstone at this outcrop contains abundant Zoophycos traces, which 
characterizes the IFS at Trusklieve.  This suggests that the conditions necessary for Zoophycos 
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colonization occurred at several periods during the transgression and were not limited to the 
transitional coastal fluvio-deltaic environment.  The ideal conditions controlling the colonization of 
Zoophycos in the upper Tullig cyclothem appear to be indicative of non-depositional conditions, with 
very low wave activity and a sandy substrate. 
The siltstone above the Zoophycos surface supports the interpretation of the Zoophycos surface as an 
environment of low-deposition rates.  The siltstone is abruptly capped by a well-defined Reticuloceras 
stubblefieldi goniatite-rich marine band, which implies fully marine conditions. 
 
 
Figure 5.38: N-S wave ripples indicating north-dominating combined flow at 0 m on the Furreera log (Figure A3); €2 
coin for scale. UTM 0470400E, 5865345N 
 134 
 
 
Figure 5.39: In situ Stigmaria and rootlets within the upper Tullig Sandstone beds at Furreera, 0.25 m on Furreera 
log (Figure A3).  UTM 0470400E, 5865345N 
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Figure 5.40: Sandstone interbeds within the coarsening-up portion (~4 m on log) of the siltstone at Furreera (Figure 
A3); €2 coin for scale.  UTM 0470306E, 5865345N 
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Figure 5.41: Intensely bioturbated Moore Bay sandstone at Furreera, Facies S3.  Laminae are generally 
unrecognizable within the beds, and numerous undifferentiated burrows have disturbed the sediment fabric; 6 m 
on Furreera Log, Figure A3.  UTM 0470167E, 5865265N 
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Figure 5.42: a) The top image shows Zoophycos traces at the uppermost surface of the Moore Bay Sandstone unit 
at Furreera.  This surface is highly extensive and accessible especially at low tide.  b) The lower photo (looking 
west) shows this surface as it extends toward the west.  This Zoophycos surface is situated approximately 1 m 
below the MFS at this outcrop.  UTM 0470065E, 5865245N 
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5.7 Mutton Island 
The Upper Tullig Cyclothem is exposed on both the northern (UTM 0465125E, 5851545N) and southern 
(UTM 0465070E, 5851420N) shores of Mutton Island.  The northern exposure contains a mostly 
complete section (partly covered by boulders), and is herein described and interpreted; the southern 
contains a limited exposure of the upper section, with a very indistinct MFS containing few preserved 
fossils.   
5.7.1.1 Description of the upper portion of the Tullig Sandstone and the Initial Flooding Surface 
The boundary between the Tullig Sandstone and the IFS of the Upper Tullig Cyclothem is very difficult to 
locate on the outcrop due to cover by boulders on the foreshore.  The upper 4 or 5 meters of the Tullig 
Sandstone comprises fine sandstone beds interbedded with mudstone and siltstone.  The very top 
portion of the Tullig Sandstone is intensely folded in some areas, bioturbated, and contains thick meter-
scale sandstone beds which contains occasional symmetrical wave-rippled surfaces indicating 060°NE-
SW flow oscillations, wood fragments (Figure 5.43), undifferentiated bioturbation, and 0.05 m thin coal 
beds.  The initial flooding surface (UTM 0465125E, 5851543N) is obscure, but is marked by two 
consecutive, Zoophycos-traced, 0.1m thick siltstone beds (Figure 5.44).  
5.7.1.2 Interpretation 
Zoophycos indicates the initial flooding surface and is the first indication of a rise in sea-level and 
subsequent marine influence above the Tullig Sandstone.  The indistinct transition between the Tullig 
Sandstone and the IFS at Mutton Island is complicated by the fact that the Zoophycos is very difficult to 
find, and lies within siltstone rather than on a sandstone surface, as found at other outcrops.  This 
suggests that sandy sediment was not the only substrate for Zoophycos colonization, and the presence  
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two Zoophycos surfaces shows there were at least two distinct periods of non-deposition during the 
initial stages of a rise in sea-level. 
5.7.2.1 Description of the mudstone and siltstone above the IFS, and the Maximum Flooding Surface 
The upper Tullig cyclothem at Mutton Island comprises over 95% mudstone and siltstone.  The log of the 
outcrop above the IFS (Figure A4) has been pieced together using partially-exposed segments between 
the covering boulders.  The silty mudstones above the IFS (Figure 5.44) are dark grey and contain sparse 
siderite nodules at the 1 m mark which form along weak bedding planes.  The silty mudstone above 
these nodules is mostly barren, with a 1m thick deformed siltstone bed at 3m (Figure A4), which is 
capped by a slickenside surface at 4m.  Between 5.5 and 8.5m on the log, the section is entirely covered 
by boulders and was inaccessible.  The mudstone coarsens upward to siltstone, which contains some 
undifferentiated vertical burrowing traces near the 10m mark.  At 15m on log, large siderite nodules (up 
to 0.20m thick) are present, and are overlain by a 0.05m thick bed of massive, fine sandstone.  The 
sediment fines to a siltstone above this bed, and the sequence is capped by a Reticuloceras stubblefieldi 
goniatite-rich shale bed that contains small 5 mm diameter Reticuloceras stubblefieldi goniatites (Figure 
5.44). 
5.7.2.2 Interpretation 
The sideritic mudstone in the lower 2m of the outcrop represents slow rates of fine-grained deposition 
from suspension after a recommencement of sediment supply after the IFS.  The mud and siltstone is 
uniform in color throughout the section, and contains no wave rippled surfaces, which suggests that 
there were no major changes in oxygenation or wave energy for an extended period of time.  The fine-
grained sediment was likely supplied as buoyant plumes by the river source to the southwest, as 
indicated by paleocurrent measurements in the Tullig Sandstone in the southwest end of the island.  
Similar to the outcrops at Trusklieve, Carrowmore Point, and Furreera, the Mutton Island outcrop also 
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broadly coarsens upward.  The negligible amount of sandstone is unique to this outcrop, and probably 
indicates: 1) the hypopycnal flows which deposited sand into the basin were not laterally extensive 
and/or 2) this location was situated in a non-depositional and permanently abandoned position on the 
delta front. 
 
Figure 5.43: Sandstone beds near the top of the Tullig Sandstone at Mutton Island, containing abundant wood 
debris casts (0 m on log, Figure A4). UTM 0465100E, 5851567N 
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Figure 5.44: Photograph showing the amorphous features of the IFS at Mutton Island, which is followed by several 
meters of weakly bedded mud and siltstone.  Zoophycos traces are indistinct on two siltstone surfaces.  0 m on 
Mutton Island log, Figure A4.  UTM 0465100E, 5851548N 
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Figure 5.45: Small goniatites; possibly adolescent Reticuloceras stubblefieldi.  €2 coin, 25.75 mm diameter, for 
scale.  UTM 0465180E, 5851535N 
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5.8 George’s Head - Kilkee 
The George’s Head outcrop (UTM 0455415E, 5838265N) is named after the promontory at the north 
end of Moore Bay in Kilkee (Figure 4.1).  The section is exposed in several portions along the cliffs, and is 
almost a complete representation of the Upper Tullig Cyclothem.  The majority of the outcrop comprises 
inaccessible cliffs, but easily viewable from a very short distance, and detailed descriptions can still be 
made on the outcrop.  The outcrop will be described and interpreted in two sections: 1) the lower 
coarsening-upward parasequence and a mud diapir, and 2) the upper coarsening-upward parasequence 
and MFS. 
5.8.1.1 Description of the lower coarsening-upward parasequence and mud diapir at George’s Head 
The lower 10m of the George’s Head outcrop is inaccessible but from a short distance away, the contact 
with the surface of the Tullig Sandstone unit (and inferred IFS) is very clear.  The siltstone above the 
contact is siderite-rich with numerous beds of siderite forming along horizontal bedding, as shown near 
the bottom of the diapir in Figure 5.46. 
The formation at George’s Head (UTM 0455418E, 5838209N) is comprised primarily of a mixture of mud 
and silt (Facies T1.1 and T2.2), is sharp-crested or flame-shaped (Figure 5.46), and begins at 
approximately the 4m mark on the log (Figure A5).  The mudstone below the diapir is undisturbed by the 
overlying upward movement of sediment, and only above 4 m is there any evidence of deformation.  
The most noticeable evidence for an upward movement of sediment is the change in the orientation of 
the siderite nodule bands.  The siderite bands above the 4m mark are horizontal on each side of the 
diapir, but bend in an upward direction toward the center.  Other distinct features within the deformed 
sediment are numerous siltstone breccia clasts (Figure 5.47), which have a preferred orientation 
towards the crest of the formation. 
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Most of the overlying sandstone of the lower parasequence at the outcrop is deformed by the structure, 
as shown in the top-left and right corners of Figures 5.46 and 5.48.  The sandstone surrounding the mud 
diapir clearly shows deformation in an upward direction (Figure 5.46), with the upward extent of the 
deformation caused by the diapir being approximately 8 m.  In Figure 5.48, clear chaotic and convolute 
bedding, synsedimentary recumbent folding, as well as relatively undeformed sandstone beds are 
present.  The sandstone is very highly weathered between approximately 6.5 to 13 m on the log (Figure 
A5) and only in the top 2-3 m of this sandstone unit is bedding clearly present. The chaotically-deformed 
bedding has a massive appearance in some areas and contains regions where deformed and 
undeformed laminae are visible.  The recumbent fold shows inclined and overturned bedding (Figure 
5.48) which form the top limb.  In general, the features in the upper portion are very indistinct (Figure 
5.49), but several structures are visible including wave ripples indicating primarily 325°/145° wave 
oscillation orientations as well as abundant undifferentiated burrows, Scolicia and Helminthoidea (UTM 
0455439E, 5838280N).  The top surface of this sandstone unit has been removed by glacial erosion.   
5.8.1.2 Interpretation 
This deformation feature is identified as a mud diapir, and was formed by the upward movement of gas 
and/or water within the sediment.   The lower siltstones (Facies T1.1) contain laterally continuous 
siderite beds which indicate low deposition rates, low oxygen, and a brackish bottom-water 
environment of a delta lobe interdistributary bay.  The overlying sandstones represent delta lobe 
progradation and subsequent sand deposition into a brackish environment.  The anomalous thickness of 
this sandstone unit in comparison with equivalent sandstones at other outcrops (except Diamond Rocks) 
suggests that these sands formed into locally thick mouth bars (consistent with the interpretation of the 
Moore Bay Sandstone unit at Trusklieve and Carrowmore Point), which is an interpretation that is 
consistent with Pulham (1987), who named these sands the Moore Bay Mouth Bar. 
 145 
 
The siltstones in the lower portion of the unit are undisturbed by the overlying diapir, indicating that the 
instability was solely a localized upward movement of sediment.  This diapir also indicates that the event 
occurred after the deposition of the siltstone and the early development of siderite nodules, as well as a 
large portion of the overlying sandstone.  The breccia clasts within the diapiric siltstone have been 
described and interpreted by Pulham (1987) as breccia clasts which increase in size and angularity 
towards the crest of the diapir and “float” in a matrix of homogenized mudstone, in which the internal 
structure of these clasts preserves original depositional laminae.  These clasts are not proto-siderite 
nodules because the shapes are angular to sub angular, and the abundance of clasts in the upper 
portion of the diapir is much higher compared to the low abundance of undisturbed siderite below. 
Modern diapirism has been described and associated with large active deltaic systems including the 
mouths of major distributaries of the Niger and Mississippi deltas, as well as island arcs and continental 
settings (Higgins and Saunders 1974).  In the Mississippi delta, mud diapirism occurs near each of the 
major distributaries in shallow, gas-rich sediment that has been capped by coarser-grained mouth bar 
sand (Judd and Hovland 2007; Morgan et al. 1968).  The conditions necessary for diapirs to form 
typically include deposition of fine-grained sediments containing high moisture and organic content 
(Coleman et al. 1998).  Subsequent mouth bar progradation rapidly deposits layers of sand, and this 
sudden imposition of a sediment load does not allow the underlying fine-grained material to compact.  
The diapirism is initiated by density inversion of trapped water and gas (created by methanogenesis by 
organic material) within the fine-grained sediment (Coleman et al. 1998; Judd and Hovland 2007). 
5.8.2.1 Description of the upper coarsening-upward parasequence and the MFS 
The upper coarsening-upward parasequence begins at the 15 m mark (Figure A5) with 1m of sideritic 
siltstone.  The outcrop for this sequence can be found approximately 0.5 km to the NE of the diapir 
(UTM 0455900E, 5838580N), although the sideritic siltstone portion of the outcrop is largely inaccessible 
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from 16 to 19 m on the log (Figure A5).  The deformed sandstone between 19 and 20 m forms an 
inaccessible overhanging ledge, and the surface of the ledge contains undifferentiated bioturbation and 
numerous symmetrical wave rippled surfaces (Figure 5.50) indicating a very wide range of wave 
oscillation directions (see paleocurrent rose, Figure A5).  Each rippled sandstone bed is approximately 20 
mm thick and several beds are thoroughly reworked by undifferentiated bioturbation and Paleophycus.  
The top 0.1 m thick sandstone bed is deformed by Zoophycos.  A goniatite-rich marine band containing 
Reticuloceras stubblefieldi and Dunbarella caps a 0.75m thick unfossiliferous shale bed (Figure 5.51). 
5.8.2.2 Interpretation 
This upper coarsening-upward sequence at George’s Head is analogous to the shallowing-upward 
parasequences exhibited at both Trusklieve and Carrowmore Point, and indicates a period of delta 
abandonment and aggradation of siltstones and sandstones.  As discussed in the Carrowmore Point 
section (Chapter 5.7), the coarsening and shallowing-upwards pattern of the parasequences represents 
a sequential series of delta lobe abandonment, subsidence and aggradation, followed by distal bar 
progradation and in some cases overloading and subsequent deformation of the fine-grained underlying 
sediment.  This interpretation is consistent with the delta or lobe destructive (abandonment) and 
constructive (progradation) phases described by Elliott (1974), in which the destructive phase 
commences as an abandoned delta or lobe characterized by reduced sediment supply that begins to 
compact and subside, followed by a constructive phase which is sand-dominated. 
The progradation of sand on top of the abandonment facies, combined with abundant oscillatory wave-
rippled surfaces, indicates a shallowing-upward environment.  This may either indicate a sedimentation 
rate that was outpacing sea-level rise, or that sea-level was not always rising, and instead rose in a series 
of steps.  The final step in sea-level rise at this outcrop is marked by the goniatite marine band, or 
maximum flooding surface (MFS). 
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Figure 5.46: Diapir at George’s Head.  The Tullig Sandstone can be seen in lower half of the photo, with clear 
upward movement of sediment which deformed and folded overlying sandstones.  Yellow lines indicate the 
borders of the mud portion of the diapir, and red lines highlight notable sandstone bedding deformation (UTM 
0455418E, 5838209N).  Scale:  Evan Obrock (1.75m) at crest of diapir. 
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Figure 5.47: Light-gray colored siltstone breccia clasts (traced), surrounded by light rust-colored silt within the crest 
of the diapir at George’s Head (UTM 0455418E, 5838209N).  Scale: Pencil, 0.13m long. 
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Figure 5.48: Sandstone immediately above the diapir.  Note the recumbent fold on the right, the convoluted 
bedding at the siltstone/sandstone interface at center, and the relatively undeformed sandstone bedding at the 
top (UTM 0455418E, 5838209N). 
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Figure 5.49: Highly weathered sandstone near the apex of the George’s Head mud diapir, 14 m on Figure A5 (UTM 
0455439E, 5838279N).  Photo demonstrates a lower degree of deformation of the sandstone than below (i.e. top 
sandstone of Figure 5.45).  Scolicia and Helminthoidea bioturbated surfaces are relatively common in this 
sequence, including rare wave-rippled surfaces which indicate waves indicating 145°/325° wave oscillations.  Scale: 
Pen, 0.13m long. 
 
 151 
 
 
Figure 5.50: Symmetrical wave-rippled surfaces at the 20m mark on the George’s Head log (Figure A5).  Note the 
ripple marks on the two thin sandstone beds on which the pen is sitting nearly perpendicular.  These two surfaces 
indicate wave oscillations oriented 040-220° and 140-320°. Scale: Pen, 0.13m long. (UTM 0455903E, 5838583N) 
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Figure 5.51: Reticuloceras stubblefieldi at top of George’s Head outcrop (Figure A5), UTM 0455903E, 5838583N) 
Scale: Rock hammer head length = 0.15m 
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5.9 Diamond Rocks & Obrock Channel at Pollock Holes - Kilkee 
The Diamond Rocks outcrop is located at the western end (UTM 0454250E, 5836944N) of Moore Bay at 
Kilkee (Figure 4.1) and shows a much different sequence in the Upper Tullig Cyclothem than other 
exposures in County Clare.  While some of the section at this locality is permanently under water or 
encrusted with barnacles in the tidal zone, the amount of sandstone at this section is anomalous and 
over 90 percent of the outcrop at Diamond Rocks is sandstone.  Directly to the east (about 300 m) of the 
Diamond Rocks exposure, there is a collection of natural rock-enclosed pools containing water changed 
by the tide, and forms an area called the Pollock Holes.  This area is directly adjacent to the exposure of 
Diamond Rocks and the sandstones can be directly traced laterally between the two outcrops.  
Additionally, there are several unique features at, and between, the Diamond Rocks and Pollock Holes 
outcrops. 
5.9.1.1 Description of Moore Bay Sandstone and Maximum Flooding Surface at Diamond Rocks 
The log of Diamond Rocks (Figure A6a) begins at the lowest accessible, non-barnacle covered sandstone 
surface (UTM 0454200E, 5836940N).  Below this surface, however, the sandstone bedding appears to 
dominate down to low tide (at least 3 m below the 0 m mark on Figure A6a).  At the base of the outcrop, 
the sandstone beds are 0.1 to 0.5 m in thickness, and sheet-like with numerous indistinct internal wave-
ripple laminae (Figure 5.52) and wave-rippled surfaces with a broadly NE-SW flow oscillation orientation 
(Figure A6a).  Between the 0 and 5 m marks on the log (Figure A6a), the sandstone beds contain 
abundant ripple cross-laminae and wave-rippled surfaces.  Paleocurrent measurements of these 
foresets indicate flow directions toward 000°, 035°, 015°, 010°, 115°, and 055° (in order of upward-
trend).  The sandstone beds are frequently capped by cross-laminae formed by interference ripples 
indicating wave directions oriented 000°/180° and preferentially 050°/230°.  The sandstone beds reveal 
large-scale, sinuously-shaped cross-bedding (Figure 5.53) at 2 m and 3.5 m on the log (Figure A6a) as 
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well as meter-scale hummocky shaped beds with undular surfaces (Figures 5.54a and 5.54b) at 5m, 6.5m 
and 8.5m on the log.  Several wave-rippled surfaces also contain Scolicia, Helminthoidea and Cruziana 
traces (near the 6 m mark on log, Figure A6a).  Individual sandstone beds increase in thickness up-
section and reach up to a meter thick.  The sandstone beds are fine to medium-grained and very 
uniform in grain size.   
Also directly above the 6 m mark on the log (Figure A6a) is a thin siltstone bed (T1.2) followed by a 0.3m 
horizon of deformed sandstone.  The deformation includes abundant convolute laminae, but generally 
consists of a massive internal structure, and a mixture of silt and fine sandstone near the base.  This 
deformation horizon is directly overlain by an oscillatory wave-rippled surface indicating a 050°/230° 
wave orientation.  Beginning at the 6.5 m mark, sandstone beds contain abundant, well-defined, mm-
scale laminae (Figure 5.54b). 
Rare flame structures are present within the sandstone beds at approximately the 7.5 m mark (Figure 
5.55), and are immediately capped by an exceptionally flat and lineated surface signifying an upper-
stage plane bed (USPB).  Lineations on the surface of the USPB are oriented 040°/220°.  Wave-rippled 
sandstones are present above this bed and USPB can be found at 8m, 8.5m and 9m.  The beds between 
the USPB beds become increasingly wave-rippled, undular and hummocky in morphology.  The 
hummocky beds at the 9m mark (Figure 5.54a) are low-angle (<10°), and between 0.75m and 0.1m thick.  
At 9 m, numerous symmetrical and interference wave-rippled sandstone beds are also present, which 
indicate oscillations oriented 055°/235° and 075°/255°.  The sandstone sequence at this outcrop is 
capped by a sandstone bed containing Zoophycos, Palaeophycus (5.56) and undifferentiated vertical 
burrowing traces.  Above this bed is 0.2 m of mud-rich siltstone and finally a crinoid debris-rich marine 
band containing Reticuloceras stubblefieldi goniatites. 
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5.9.1.2 Interpretation 
Because of the major difference in sandstone facies thickness at Diamond Rocks compared to other 
outcrops, it is interpreted that this area was within close proximity to more proximal subaqueous mouth 
bars than at the other localities.  The formation of mouth bars are commonly associated with areas 
where less dense river water and sediment load enters denser salt water, resulting in hypopycnal flows.  
These buoyant plumes often consist of fine-grained sediment and sand and form mouth bars 
(Bhattacharya and Walker 1992).  This understanding of mouth bar formation is consistent with the 
interpretation of the Moore Bay Sandstone unit by Pulham (1987).  The numerous sheet-like sand beds 
in this unit may be a result of the migration and an increased proximity of the mouth bar sand during a 
shallowing-upward parasequence, as indicated by an upward increase in tractional structures.  The 
interpretation of a shallowing-upward pattern is supported by small-scale bedforms indicating wave-
oscillations in the bottom of the section, and progressively larger bedforms, including HCS, which may 
indicate shallower water depths due to an increasing influence by storms.  The increase in flow 
structures upward in the outcrop indicates shallowing as a result of aggradation, a process which 
eventually resulted in the top of the section being within the reach of high-energy storm waves which 
formed well-preserved upper stage plane beds and hummocky cross-stratified sandstones.  The rate of 
sand deposition decreased once the environment was no longer receiving a major input of sand, and 
relative sea-level continued to rise after this period.  This pattern of a broadly upward-shallowing 
sequence followed by abandonment has been documented at each outcrop containing the MFS of the 
Upper Tullig Cyclothem.  The final abandonment of the prograding distributary mouth bar system 
reintroduced a low energy, largely nondepositional environment into the area, represented by 
numerous Zoophycos and Palaeophycus traces (Figure 5.56) and finally a thin bed of unfossiliferous 
siltstone.  After less than a meter of unfossiliferous silt deposition, further evidence for sustained 
abandonment, the maximum flooding surface is present, signifying a major step in sea-level rise.  
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5.9.2.1 Description of the Diapirs at the Diamond Rocks outcrop 
There are two mud diapirs exposed in cross-section at Diamond Rocks: one directly next to the logged 
portion (Figure 5.57 diapir #2, and Figure 5.58) and another that is equidistant between Diamond Rocks 
and Pollock Holes (Figure 5.57 diapir #1 and Figure 5.59).  A third diapir, not exposed in cross-section, 
can be seen at the western end of Diamond Rocks (Figure 5.60).   
Diapir 1 (Figure 5.58) is approximately 15 m in height and has a rounded dome-like shape.  The majority 
of the sediment within the diapir consists of deformed mud and siltstone combined with large 
brecciated clasts of sandstone.  The sandstone clasts, highlighted at the top right portion of the diapir 
(Figure 5.59), are boulder-sized and appear to have been entrained and rafted by the deformed and 
homogenized muds and silts.  This upper right corner of the diapir clearly shows a horizontal component 
to the deformation at the top of the diapir. In addition, the sandstone beds on both sides of the diapir, 
and primarily the right side, curve downward.  The sand beds visible above the diapir are bent upwards 
by the underlying deformation; however, the top exposed sandstone beds lying 2 m above the diapir do 
not show any evidence of deformation. 
Diapir 2 (Figure 5.57) is approximately 10 m high and is sharp-crested or flame-shaped.  The diapir has a 
distinct peak, which is cut abruptly and flatly by thick overlying sandstone beds.  The flanks of the diapir 
show little to no deformation of the surrounding sandstone beds into which the mud was injected, and 
sandstone brecciation is not apparent as it is in Diapir 1.  The deformation associated with this diapir 
extends seaward toward Moore Bay. 
Diapir 3 (Figure 5.60) is approximately 4 m in height and 15 m wide, unexposed in cross-section and is 
visible at the top portion of the Upper Tullig Cyclothem beneath the MFS (UTM 0454225E, 5836880N).  
This diapir is characterized by a mound of deformed sandstone beds which contain laterally 
discontinuous interbedded lenses of siltstone.  The siltstone contains abundant crinoid debris and 
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undifferentiated burrowing traces.  Several of the lower lenses of the mound contain Zoophycos and 
Planolites traces. 
5.9.2.2 Interpretation 
As discussed in the George’s Head diapir section (Chapter 5.8), the diapirs at these localities are 
associated with thick overlying sandstones.  Previous work describing mud diapirs or “mudlumps” in the 
Mississippi delta have associated specific depositional environments with these features.  The primary 
depositional environments for diapirs in the Mississippi River delta are deltaic distributary mouths 
(Coleman et al. 1998; Morgan et al. 1968).  These distributary mouths can deposit a great quantity of 
sand during a relatively short period of time in the form of mouth bars.  These mouth bar sands are 
deposited on top of loosely compacted, fine-grained, sediment during a period of distributary 
progradation, and this overloading can trigger density instabilities and subsequent upward movement of 
water and gas-laden sediment.   
Diapir 1 between the Diamond Rocks and Pollock Holes outcrops deforms the sandstone beds 
surrounding it, with the deformation of the sand being caused by both the upward movement, and then 
later downward bending, of the diapir and the surrounding beds.  This downward tilting of sediment 
after the initial rise of the diapir is the process which caused the bending downward of the sandstone 
beds at the right side of the diapir.  Diapir 2, which cuts through the sandstones at Diamond Rocks, may 
have formed as part of a diapiric ridge extending to the northwest and southeast.  This is evidenced by 
deformed siltstone in the lower portion which extends toward the Moore Bay, and can be seen clearly in 
the bottom of Figure 5.57.  In addition, the shape and deformation pattern of the diapirs (especially 
diapir 2) may be a function of propagation along lines of weakness (i.e. extension and faulting), although 
there is no clear evidence of faulting above any of the diapirs.   The diapirism around Moore Bay was 
also interpreted by Pulham (1987) as being caused by mouth bar sediment overloading. 
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Finally, diapir 3 has the appearance of faulting and thrusting from beneath the outcrop.  There is no 
evidence of post-diagenetic faulting or brittle deformation.  The deformation clearly suggests 
synsedimentary deformation, not only by the soft-sediment injection of silt between the sandstone 
beds, but also by the abundant burrowing and escape traces found in these injections.   
5.9.3.1 Description of the Obrock Channel at the Pollock Holes 
The fourth feature at the south end of Moore Bay, Kilkee (UTM 0454917E, 5837150N) is located within 
the lower sandstones at Pollock Holes (Figure 5.61).  The feature is U-shaped within the surrounding 
sandstone beds causing truncation of the sandstone beds on both the right and left side.  The right side 
shows at least 1.5 m of steep erosion of the sandstone beds.  The steepness of erosion decreases 
toward the center of the channel and forms a much shallower erosional surface on the left side.  The 
feature is approximately 15 m wide, and extends to the NW with a slightly meandering planform (Figure 
5.62).  The sandstone beds are inferred to be stratigraphically equivalent to approximately the lower 5 
m on the Diamond Rocks log (Figure A6a). 
The feature is located at the base of a 10 m high cliff face consisting of sandstone beds very similar to 
those logged in the lower 8 m of the Diamond Rock log (Figure A6a).  The base of the feature is 
ambiguous because the sandstone beds which it cuts through are covered with barnacles, are highly 
weathered, and have been scoured out in many areas to form the “holes” of Pollock Holes.   
Logging of the feature and cliff face above (Figure A6b) show asymmetrical wave-rippled surfaces at the 
lowermost sandstone beds at the center of the channel.  These ripples (0 m on log, Figure A6b) indicate 
possible combined oscillatory wave and unidirectional flow dominating toward 145°, toward the cliff 
face.  There are at least three sandstone beds which form the infill of the feature, and each are between 
10 and 30mm in thickness, containing numerous Helminthoidea traces.  The feature is overlain by flat-
lying massively deformed sandstones between 0.5 and 1.5 m on the log (Figure A6b).  The top surface of 
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this deformed horizon is flat with sparse Helminthoidea traces.  Between the 2 and 3 m marks on the 
log, numerous 0.1 m thick, wave-rippled sandstone surfaces are present, and indicate wave oscillations 
ranging from 105°/285° to 150°/330°.  Interbedded with several of these beds are mm-scale siltstones 
(Figure 5.63).  Contorted laminae within the approximately 0.5 m thick sandstone beds between the 3 
and 5 m marks are indistinct, massive, and suggest syndepositional horizontal deformation by 
liquefaction.  This deformation is abruptly overlain by a 0.1 m thick, Facies T1.2 siltstone bed.  Between 
the 5.5 and 7 m on the log, flatly-bedded sandstones are present again, containing mm-scale horizontal 
laminae overlain by mm-scale ripples (Figure 5.62).  Numerous 0.03 to 0.1 m thick sandstone beds make 
up the top two meters of the log.  The beds at this stage are undulatory and hummocky in shape with 
abundant wave-rippled surfaces (Figure 5.64).  The ripples indicate combined flows with a NNE 
preference, oriented between 020°/200° and 060°/240°. This is the uppermost exposure of the Upper 
Tullig Cyclothem on the cliffs overlooking the Pollock Holes.  
5.9.3.2 Interpretation of the Obrock Channel and its relationship to the sandstones at Diamond Rocks 
The Moore Bay Sandstone exposed at Diamond Rocks and George’s Head have been interpreted in this 
thesis and by Pulham (1987) as mouth bar sandbodies.  Mouth bars are known to be associated with 
distributary channel bifurcations (Bhattacharya and Walker 1992) and have been interpreted to 
represent delta-front settings that make up a significant component of the upper parts of cyclothems in 
the Clare Basin (Pulham 1989).  The feature at Pollock Holes is herein interpreted and named the Obrock 
Channel, which may be a minor channel with a genetic relationship to the local progradational 
distributary system which deposited the Moore Bay Sandstone. 
The Helminthoidea traces on several surfaces within the channel suggest that the beds reworked by the 
bioturbation must have occurred after the channel was inactive.  In addition, the logged portion of this 
outcrop, and especially the Diamond Rocks outcrop, show a broad thickening-upward in sandstone 
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beds.  These sand beds are also highly reworked by wave and combined flow processes as indicated by 
abundant cross-bedding and rippled surfaces.  These bedforms suggest a relatively higher energy 
environment as compared to horizontally-laminated sandstone facies (i.e. Facies S1.1) because of the 
increase in wave ripples.  This means that these sand beds may have been deposited by hypopycnal 
flows, because (with exception to the Obrock Channel) the sands are non-erosive, but were later 
reworked by waves and combined flows after deposition.   Pulham (1989) identified a similar thickening-
upward pattern of horizontally laminated sandstone beds in mouth bar settings, which were interpreted 
as basinward-directed fluvial currents representing river-mouth processes.  This is in minor contrast to 
the non-erosive but wave-reworked sands overlying the Obrock Channel.  Furthermore, Pulham (1989) 
also interprets such horizontally laminated sands to be deposited from suspension, indicating buoyant 
deltaic processes.  The massive and contorted sandstone horizons are interpreted as deformed by 
sediment mixing due to rapid overload of sediment.  These deformed beds do not have an upward or 
downward erosive nature. 
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Figure 5.52: Wave-ripple laminae throughout the lower sandstone beds at the Diamond Rocks outcrop, ~2m mark 
on Diamond Rocks log. 
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Figure 5.53: Large scale cross-bedding produced by storm waves at the 7m mark on the Diamond Rocks log. 
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5.54 a)
 
5.54 b)
 Figure 5.54: a) Example of HCS near the top of the Diamond Rocks outcrop, ~9m from base of Diamond Rocks log. 
B) Photo showing the internal structure within these beds, including horizontal laminae at the base and overlying 
HCS, scale: €2 coin. 
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Figure 5.55: Example of small-scale internal deformation of sandstone beds by fluidization.  The feature may be a 
truncated load structure, implying that it was formed syndepositionally; 7.5m from base of Diamond Rocks. 
 165 
 
 
Figure 5.56: Palaeophycus on the top sandstone surface at Diamond Rocks.  These differ from Planolites for several 
reasons, including: 1) the Palaeophycus ichnofacies has a similar infill to the host rock (Planolites infill is different 
from the host rock), and 2) the Palaeophycus possess wall linings (Planolites do not), which may be removed by 
weathering (Kim et al. 2002; Pemberton and Frey 1982). 
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Figure 5.57:  This photo is a rare view (looking East) taken during low tide, allowing for both diapirs to be seen.  
Diapir #1 is notably dome-shaped, and Diapir #2 forms a flame shape.  This photo also shows the large amount of 
deformed siltstone below the more sheet-like Moore Bay Sandstone. 
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Figure 5.58: Diapir 2, demonstrating a flame-like structure.  This diapir does not appear to significantly deform the 
sandstone layers surrounding it.   
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Figure 5.59: Diapir 1 displaying a clear dome-shaped structure. The boundaries of the diapir are outlined in yellow, 
and examples of the downward-bending sandstone beds are highlighted in red.  Undeformed beds above and 
laterally of the diapir show no deformation and are characteristic of the beds in the Diamond Rocks outcrop.  The 
outcrop in this figure is approximately 20 m high.  
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Figure 5.60: Diapir 3.  Mudstone lenses interbedded (highlighted in yellow) between upper sandstone sheets at top 
of Diamond Rocks: Mudstone contains large amount of bioturbation and crinoid stem debris, possibly as a result of 
faulting and sliding of the overlying marine band sediment.  The red line indicates the MFS and the boundary 
between the Upper Tullig Cyclothem and the overlying Kilkee Cyclothem. 
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Figure 5.61: The Obrock Channel exposed at the Pollock Holes in Kilkee.  The channel erodes sand beds sharply on 
both sides.  The top sand bed of the channel is marked by Helminthoidea and wave ripples, features that were 
produced after the channel was abandoned or between active events. (UTM 0454917E, 5837150N) 
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Figure 5.62: Photo showing the erosive extent and meandering nature of the Obrock Channel at the Pollock Holes 
in Kilkee; Eric Obrock at center for scale.  (UTM 0454917E, 5837150N) 
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Figure 5.63: Photo from approximately 6m mark on Obrock Channel log (Figure A6b).  Horizontal laminae are 
visible at the bottom of these beds and are overlain by cross-laminae which indicate unidirectional flow.  In this 
case, the flow direction is oriented primarily between 030° and 040°.  (UTM 0454917E, 5837150N) 
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Figure 5.64: Wave-rippled surface of 3D dunes at the top surface of the logged portion above the Obrock Channel.  
The undulatory nature of the dune has been highlighted at the top.  Larger bedforms show wave directions 
oriented approximately 195°/015° to 210°/030° (UTM 0454917E, 5837150N). 
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5.10 Killard 
The Killard outcrop (UTM 0462658E, 5844725N; Figure 4.1) takes its name from the nearest Irish 
townland or “bally” of Killard, which is 3 km NW of the town of Doonbeg, and 10km NE from Kilkee.  The 
outcrop of the Upper Tullig Cyclothem is exposed around the center of a major syncline, which exposes 
the lower and middle portions of the Tullig Cyclothem at both the NW and SE limbs of the syncline.  The 
log (Figure A7) and descriptions of this outcrop primarily concern the southeast limb, which provides the 
most complete exposure of the section, beginning at the top surface of the Tullig Sandstone and ending 
at the center of the syncline, where major syn-depositional deformation is present. 
5.10.1.1 Description of the surface of the Tullig Sandstone, the IFS and Coal 
The surface of the Tullig Sandstone outcrop at Killard is formed along a steeply-dipping limb of the 
Killard syncline, and contains numerous in situ Stigmaria (fossilized Lepidodendron roots) molds and 
casts.  The surface does not exhibit any noticeable bioturbation, but undulates due to the presence of 
these roots. The Tullig Sandstone is capped by a 2 m thick series of low-quality coal and shale beds 
interbedded with thin massive sandstone beds.  The first bed of coal begins at 0 m on the Killard log 
(Figure A7), and is approximately 0.8 m thick.  This bed is sulfur rich on the NW limb of the syncline, and 
on the SE limb contains abundant pine-needle shaped plant debris and becomes increasingly mud-rich 
upwards.  This coal is capped by a 0.05 m thick bed of dark grey, fine-grained, massive sandstone.   The 
second shaley coal bed is much more mud-rich than the previous coal, and contains rare but very well-
preserved gastropod fossils (Figure 5.65) around the 1 m mark (Figure A7). 
5.10.1.2 Interpretation 
The interface between shaley coal and the overlying siltstone is interpreted herein as the IFS.  This is 
consistent with the interpretation of the IFS at both Carrowmore Point and Furreera, two other outcrops 
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which contain a similar transition.  The IFS marks the end of the fluvial sandstone deposition, and the 
organic-rich carbonaceous and coaly deposits indicate abandonment and subsequent change from 
fluvial channels to a swamp-like floodplain (Stirling 2003).  Coal which is overlain by marine strata are 
likely to contain a higher sulfur content compared to coals overlain by non-marine strata (Treworgy and 
Jacobson 1979), since marine water serves as a major source for sulfur in coal because it is sulfate-
bearing.  The sandstones interbedded in these coals are interpreted as localized, very thin crevasse-
splay deposits, possibly associated with flood events.  This is consistent with the interpretation by 
Treworgy and Jacobson (1979) who described the occurrence of non-marine sand or crevasse-splay 
deposits overlying coal deposits as a product of changing paleotopography (subsidence) and marine 
transgression.  
5.10.2.1 Description of the sideritic siltstones and Moore Bay Sandstone  
Above the IFS and coal at the Killard outcrop is a 16.5 m thick sideritic siltstone unit (Facies T1.1), 
followed by a 4-5 m thick deformed horizon of mixed silt and sand (Facies S2.1), and finally the Moore 
Bay Sandstone which consists of numerous thin, sheet-like, sandstone beds (Facies S1.1). 
The siltstone section gradually coarsens-upward and contains at least 40 bands of weakly bedded 
siderite which decreases in abundance up-section.  The siderite beds are 10-20 mm thick, and occur 
approximately one bed every 0.25 m toward the base of the siltstone unit, but decrease in occurrence 
upward to c. one bed per meter of siltstone.  A thin, very-fine sandstone bed at the 11 m mark on the 
log (Figure A7) contains Scolicia traces (UTM 0462658E, 5844725N) at its surface.  This bed marks the 
beginning of the coarsening-upward portion of the siltstone unit, and siderite becomes much more 
prevalent between here and the 17 m mark. 
At 17 m on the log, the siltstones are erosively overlain by a 5 m thick deformed horizon, which contains 
primarily siltstone (Facies S2.1) in the lower 3m and a mixture of sand and silt in the upper 2 m.  The 
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sandstone beds at 22 m are deformed from below by slumping, and are very flatly bedded, and are 
identical to the sandstones at the top of the second parasequence at Carrowmore Point which contain 
Scolicia and isopod tracks (i.e. Cruziana and Diplichnites).  The sandstone beds do not contain isopod 
tracks, but do contain Scolicia traces at several levels.  The sandstone beds are fairly uniform in thickness 
(about 0.06 m thick near the bottom of the unit and thicken upwards to 0.08 m), grey in color, and very 
slightly fine-upwards due to grain size uniformity.  Thin interbeds between these sheeted sandstones 
are thin, 2 mm thick beds of fine, light grey silt (Facies T1.2) (Figure 5.66).  
5.10.2.2 Interpretation 
These sediments indicate deposition of fine-grained silt from suspension into a brackish, low-energy, 
and low-oxygen submerged delta environment.  The coarsening-upward parasequence is also similar to 
the previously mentioned outcrops, and indicates propagation of a more proximal sediment source (i.e. 
progradation of a delta distributary).  The coarsening-up pattern is characteristic of a progradational 
delta distributary which deposited sand sheets from suspension.  These sheeted sands likely represent a 
distributary mouth bar, which varied in thickness at each locality, controlled by local sediment supply 
and subsidence.  This is consistent with the interpretation of these sands by Pulham (1987).  Typically, 
this increase in sand deposition caused the localities to shallow-upward, shown by an upward-increasing 
prevalence of wave-produced bedforms.  In contrast to the other localities, however, there are no wave-
generated bedforms observed in this outcrop, which is consistent with the observations by Pulham 
(1987).  The findings in the present thesis confirm the interpretation by Pulham (1987), who claimed the 
coarsening-upward mudstone and siltstone indicate progressively coarser sedimentation from 
suspension; the sideritic mudstones were interpreted as prodeltaic facies, and the overlying silt and 
sandstones represent a gradation into either distal mouth bar settings or channel settings. 
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Pulham (1987) favored the channel setting because of the sharp contact with the underlying siltstones 
(16 m on Log, Figure A7), and absence of wave-generated structures.  However, the sandstones at this 
outcrop are interpreted in this thesis as mouth bar sands that were deposited from suspension, and the 
overall absence of cross-stratification which indicates a lack of tractional processes. 
5.10.3.1 Description of the deformation at the top of the Killard sequence 
A mixture of deformed siltstone and sandstone erosively overlays the sheeted Moore Bay Sandstones at 
approximately the 25-26 m mark on the Killard log (Figure A7).  Above this deformed zone, and folded at 
the center of the syncline, weakly deformed sandstone beds sit on top of this deformed silt and 
sandstone mixture.  These sandstone beds form a raft-like formation, and around the edges of this raft, 
evidence for chaotic, syndepositional deformation is evident.  Sandstone beds are frequently broken up 
into polygonal-shaped slabs and blocks, forming a flow breccia-like appearance, where the cobble-sized 
sandstone blocks ’float’ within the siltstone. 
The deformation of the upper portion of the Moore Bay Sandstone at Killard is highly complex and 
chaotic.  There are two major horizons of deformation; in the lower and upper portions of the Moore 
Bay Sandstone.  The deformation in the lower part clearly distorts overlying beds, but indicates primarily 
horizontal deformation, indicating that the deformation was both syndepositional and non-diapiric.  In 
addition, this lower portion contains abundant, but unrelated, extension-style faulting (Figure 5.66) 
which was not syn-depositional and is related to the formation of the syncline at the end of the 
Hercynian. 
The upper portion of the Moore Bay Sandstone contains an undeformed sandstone unit which forms the 
core of the syncline, which is bound on all sides by deformation and growth faults (Figures 5.67 and 
5.68).  The growth faults show a normal fault pattern which was formed during sedimentation, and 
indicates thicker strata on the hanging wall side than the foot wall.  In addition, large brecciated 
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sandstone blocks in a silty matrix cap these growth faults, as seen at the top left side of Figure 5.67 and 
the bottom of Figure 5.68.  This brecciated sandstone appears to have deformed as a semi-lithified mass 
in the direction of the growth faulting displacement broadly toward the N-NE.  The undeformed 
sandstone cap at the top of the outcrop and core of the syncline forms above this brecciated unit, and 
appears to have been rafted in the direction of the growth faults and the brecciated sandstone. 
Growth faulting, a syndepositional fault, occurs distinctly in at least two locations surrounding the 
deformation: growth fault zone 1 (Figure 5.67), and growth fault zone 2 (Figure 5.68).   
Growth fault 1 (UTM 0462606E, 5844800N) exhibits a growth fault that splits into three down-thrown 
faults, showing downward movement of sandstone blocks to the NW (Figure 5.67).  These blocks show 
chaotic deformation and fragmentation of partially-consolidated sediment.  The overlying brecciated 
bed appears to propagate broadly toward the NW.  Figure 5.67 shows the breccia on top of the faulted 
sandstone beds and indicates this flow infilled the space created down-dip by the fault. 
Growth fault 2 (Figure 5.68) (UTM 0462547E, 5844786N), also shows a large amount of semi-lithified 
sandstone brecciation with sandstone blocks floating within a homogenous silt.  This growth fault zone 
propagates downward and to the NW. 
5.10.3.2 Interpretation  
It is herein interpreted that the Killard growth faults were a product of soft-sediment instability as a 
result of a slope created by local subsidence or along the depositional slope of a mouth bar.  The faulting 
also may be a result of extension that may have been caused by a lateral loss of underlying silt and mud 
by a nearby unexposed mud diapir.  This possibility is supported by the evidence of growth faulting in 
the mud diapir provinces in the Mississippi River Delta (Gagliano 1999).  These growth faults in Louisiana 
align with the margin of, and within, the Gulf Coast Salt Dome Basin, and are typically a series of en 
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echelon normal faults within zones of limited width and extent.  In this area, the growth faults have 
been described as being driven by sediment blocks slumping down and seaward by gravitational sliding 
and spreading (Galloway 1986). 
Rider (1978) and Gill (1979) were the first to describe deformation in the Tullig Cyclothem by growth 
faulting and slumping at the Killard outcrop.  Gill (1979) interpreted the deformation within the Upper 
Tullig Cyclothem as complex rotational shearing slides, on which slip had taken place on many planes of 
movement with significant flow deformation (i.e. brecciated sandstone flow) surrounding the growth 
faults.  This explanation is consistent with the observations and interpretations in the present thesis. 
 
Figure 5.65: Glabrocingulum gastropod fossil at the 1 m mark on the Killard log, Figure A7 (UTM 0462651E, 
5844691N). 
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Figure 5.66: Sheet-like sandstones above the deformed sand and siltstone slumping between the 22 and 24m 
marks on the log. Red and yellow lines highlight the displacement direction of brittle deformation and faulting 
possibly caused by the Hercynian or Variscan orogeny.  The blue line shows the upper edge of the distortion of 
sandstone sheets caused by synsedimentary deformation. 
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Figure 5.67: Growth Fault zone 1 (UTM 0462606E, 5844800N), photomontage of the growth faulting (arrowed) and flow breccia-like sandstone blocks within siltstone matrix (top left) at the top of the Killard 
exposure of the Upper Tullig Cyclothem at Killard.  Image below is interpretation of the above photo, including the base of deformation (red), faults (yellow), and correlatable sandstone beds surfaces (blue).  The 
red line continues to the right to outline equivalent stratigraphy to the base of the deformation.
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Figure 5.68: Growth Fault Zone 2 (UTM 0462547E, 5844786N), photomontage and sketch showing growth faulting 
(yellow) and meter-scale sandstone breccia suspended in siltstone. 
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5.11 Tullig Point 
5.11.1 Description of the Tullig Point outcrop 
The Tullig Point outcrop (UTM 0445429E, 5829719N) (Figure 4.1) is named after the nearest village and 
is best known for its close proximity (<1 km north) to the Point of Relief. 
The IFS of the Upper Tullig Cyclothem at Tullig Point is identified as a Zoophycos-traced surface (0 m on 
log, Figure A8) situated on the top of the Tullig Sandstone (UTM 0445429E, 5829719N), and the MFS is 
recognized as a goniatite fossil bed containing Reticuloceras stubblefieldi (UTM 0445570E, 5829868N).  
The distance between these two accessible surfaces is 205 m, but the infill of the Upper Tullig Cyclothem 
between these two points is unclear due to inaccessibility.  At the surface of the IFS, the strike and dip of 
the sandstone beds are 083°/022°NNW, and the strike and dip measurement at the very top surface of 
the Moore Bay Sandstone (approximately 2.5 m below the MFS) is 076°/025°NNW.  Using this data and 
assuming a constant dip of 22°, the calculated thickness of the Upper Tullig Cyclothem at Tullig Point is 
approximately 76.8m. This thickness is far out of character with the measured thicknesses of the rest of 
the outcrops logged in this thesis. 
The Zoophycos surface is overlain by a partially-accessible horizontally-laminated grey siltstone unit, 
identified as alternating laminae of Facies S1.1 and T1.1 (Figure 5.69).  These siltstones contain 
alternating dark and light grey horizontal laminae that fine upwards (Figure 5.70).  The thin dark laminae 
are between 1 and 10 mm thick and lighten in color upwards, whereas the light-colored laminae are 
between 0.01 and 0.1 m thick, fine-upwards and contain occasional vertical burrows (Figure 5.71). 
The outcrop is unexposed until the top surface of a sandstone unit.  The surface is wave-rippled with 
undifferentiated bioturbation, and indicates 115°/295° wave oscillations.  This surface is overlain by 
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approximately 3 m of Facies T1.2 dark grey and iron-rich siltstone, which is capped by the MFS.  The MFS 
contains crinoid debris and sparse Reticuloceras stubblefieldi. 
5.11.2 Interpretation 
The laminated siltstones above the IFS are interpreted as frequent alternations between very fine 
grained Facies S1.1 and Facies T1.1.  The laminated siltstones represent numerous hypopycnal 
depositional events, and are similar to the T1.1 sandstone laminae near the top of the second 
parasequence at Carrowmore Point, except at Tullig Point it is a mixture of both very fine sandstone 
(S1.1) and siltstone (T1.1), and there few easily recognizable bedding surfaces at Tullig Point.  The 
complete lack of wave-ripples in this facies suggests that the depositional environment was below storm 
wave base.  Finally, the sandstone at the top of the sequence is interpreted as equivalent to the Moore 
Bay Sandstone of the northern outcrops.  This surface, like those to the north, is wave-rippled and 
bioturbated, this again suggesting a shallowing-upward pattern in this section.  The bulk of the infill is 
inaccessible, but is herein interpreted as distributary mouth bar sand which was capped by 3 m of T1.2 
siltstone abandonment facies.  The Reticuloceras stubblefieldi fossil band (MFS) represents fully marine 
conditions. 
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Figure 5.69: Horizontally laminated siltstone unit above the IFS at Tullig Point (UTM 0445429E, 5829719N). 
 
Figure 5.70: Close-up photo of the siltstone laminae Facies S1.1/T1.1 at Tullig Point (UTM 0445429E, 5829719N). 
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Figure 5.71: Vertical burrowing traces (Skolithos) outlined in black (UTM 0445429E, 5829719N). 
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5.12 Cliffs of Moher 
The Cliffs of Moher outcrop (UTM 0471386E, 5869817N) contains a complete but mostly inaccessible 
section of the Upper Tullig Cyclothem, and is located approximately 4.2 km north of Furreera, and 5km 
south west of the town of Doolin (Figure 4.1).   
5.12.1 Description 
The outcrop (Figure 5.72) is similar in thickness to Furreera, and the logged portion of the outcrop 
demonstrates a similar stratigraphic pattern.  The overall thickness of the outcrop is approximately 8 m 
(Figure A9).  The top of the lateral equivalent to the Tullig Sandstone (T1.2) contains a wave rippled 
surface which shows only 220°-040° wave oscillations.  Between the equivalent Tullig Sandstone and the 
overlying Moore Bay Sandstone is a mostly inaccessible T1.1 siltstone unit.  The Moore Bay Sandstone at 
the top of the sequence is approximately 1 m thick, nearly twice as thick as the inferred (and mostly 
inaccessible) non-channelized Tullig Sandstone below the section.  Wave-rippled surfaces at the top of 
the MBSS (UTM 0471386E, 5869817N) indicate only 270°-090° oscillation directions.  The top surface of 
the MBSS is reworked by Zoophycos, and there is approximately 0.5 m of T1.2 siltstone separating the 
MBSS and the MFS.  The MFS contains abundant Reticuloceras stubblefieldi, Dunbarella, Crinoids and 
wood debris. 
5.12.2 Interpretation 
There are no channels within the Tullig Sandstone (Lithofacies T1.2 only at this locality) at the Cliffs of 
Moher, and there is no coal or exposed Zoophycos surface evident for the IFS.  The absence of fossils 
and trace fossils still suggests that the water may have been fresh to brackish during the early stages of 
the transgression.  The siltstone confirms abandonment of proximal sediment supply in the area, and 
the first evidence of marine influence is found on top of the Moore Bay Sandstone, in the form of 
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Zoophycos traces.  This surface is interpreted as being deposited and reworked by Zoophycos at the 
same time as the equivalent surface at Furreera.  The surface may thus represent a long period of non-
deposition, and brackish conditions, which was followed by abandonment and then maximum flooding. 
The outcrop at the Cliffs of Moher is interpreted as being the most distal locality from the Tullig delta in 
the field area.  This is supported by the thinness of the upper Tullig cyclothem at this outcrop as well as 
the absence of channels in the Tullig Sandstone and lack of a characteristic initial flooding surface.  
Although the locality is interpreted as being more distal to the sediment source, it is not interpreted as 
being significantly deeper.  It is interpreted this way because of the abundance of wave-rippled surfaces 
at both the top of the Tullig Sandstone equivalent and the top of the Moore Bay Sandstone, which is 
consistent with equivalent sections to the south, as well as relative close proximity to the Furreera 
section which contained in situ Stigmaria immediately below the IFS, which indicates a period of 
subaerial exposure. 
The sediments in the northern outcrops were deposited in more distal but not significantly deeper 
conditions than outcrops in the south.  This interpretation is due to the fact that immediately below the 
IFS at the Furreera outcrop, the uppermost surface of the Tullig Sandstone contains in situ Stigmaria 
roots and rootlets, as well as a thin overlying coal (or immature paleosol) seam.  There is no evidence to 
suggest the environment during the transgressive Tullig was deeper than environments to the south, 
except for the absence of the underlying Tullig Sandstone channels which did not reach north of 
Furreera.  This evidence does however agree with the interpretation by Wignall and Best (2000), for 
example, that the depositional system prograded from the SW of County Clare toward the NE.  The 
wave rippled surfaces at the surface of the Tullig Sandstone equivalent support this SW-NE orientation 
because they show similar wave orientations.  The Tullig Sandstone equivalent at the Cliffs of Moher is 
interpreted herein as distal mouth bar sand.  As the transgression progressed over the Tullig Sandstone 
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equivalent, the influence of this delta system diminished, and waves reworked the upper surface of the 
Moore Bay Sandstone distal mouth bar sand in a W-E orientation.  These wave ripples may indicate a 
shoreline normal to the wave oscillations, which may suggest a shoreline to the west, or these ripples 
may simply be a product of wave reflection from local topography. 
 
 
Figure 5.72:  Photograph of the full exposure of the upper Tullig cyclothem at the Cliffs of Moher (UTM 0471386E, 
5869817N).  The sandstone below the section is interpreted as the equivalent unit to the Tullig Sandstone because 
it is interpreted herein as mouth bar sand as compared to fluvial sand in the southern outcrops.  The black bracket 
on the left shows the full thickness of the upper Tullig cyclothem, which is approximately 8 m. 
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Chapter 6 
Discussion 
The aims of this thesis were to: 1) Describe and interpret the sedimentology and paleoenvironments of 
the upper portion of the Tullig Cyclothem, and 2) Interpret the nature of relative sea-level (RSL) change 
in terms of a linear or stepped transgression, and its controls.  In this chapter, these aims will be 
discussed, and broader interpretations for this period of the evolution of the Western Irish Namurian 
Basin will be made based on the data and interpretations of the studied outcrops presented in the 
previous chapter. 
6.1 Summary of the Sedimentology & Paleoenvironments of the Upper Tullig Cyclothem 
The upper Tullig cyclothem is interpreted in this thesis as being the product of a marine transgression, 
bound at the bottom and top by an initial flooding surface and a maximum flooding surface, 
respectively.  The nine studied outcrops of the Upper Tullig cyclothem in County Clare show significant 
variability in their thickness and facies patterns. 
The Tullig Sandstone below the IFS varies in thickness between 20-22 m at Trusklieve, Killard and 
Carrowmore Point, and 4.8 m at Furreera (Table 6.1) (Stirling 2003).  In terms of thickness of the Upper 
Tullig cyclothem studied herein, the outcrops in the north (i.e. Furreera and Cliffs of Moher) are also 
thinner than their southern counterparts, whereas the Carrowmore Point and Tullig Point outcrops, for 
example, are exceptionally thick.  Additionally, the percentage of sandstone also varies significantly 
between outcrops (Table 6.1).  Comparing the percentage abundance of sandstone between outcrops 
indicates a highly variable and largely unpredictable proximity of the sediment source during the period 
of deposition.  
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Table 6.1: The percentage of exposed sandstone within the Upper Tullig Cyclothem listed by outcrop. 
Locality Percentage Sandstone 
Trusklieve 20% 
Diamond Rocks* 95% 
George’s Head 50% 
Killard* 40% 
Carrowmore Point 25% 
Mutton Island 1% 
Furreera 30% 
Tullig Point & Cliffs of Moher Unable to calculate due to inaccessibility 
*Denotes incomplete section of entire upper Tullig cyclothem 
Between one and three coarsening-upwards parasequences can be identified at these different 
locations, with the centrally-located outcrops (between Diamond Rocks and Carrowmore Point) 
possessing the greatest amount of sandstone as a fraction of the upper Tullig cyclothem (Table 6.1).  At 
these central localities, the presence of thick sandstones overlying shales and mudstones correlates 
strongly with the presence of mud diapirs (i.e. Diamond Rocks and George’s Head), large-scale slumping 
(i.e. siltstone within 3rd coarsening-up parasequence at Carrowmore Point) and growth faulting (i.e. top 
of Killard section).   
Each outcrop is unique in its expression of the transgressive upper Tullig cyclothem, but for each 
outcrop a broad increase in wave reworking up-section and at least one coarsening-upward 
parasequence is present.  The first stage of transgression, marked by the initial flooding of the Tullig 
delta is expressed similarly between outcrops, and consists of the top surface of the Tullig Sandstone 
containing either a Zoophycos-traced surface or in situ Stigmaria and a crude coal.  While the coal 
deposits themselves are not indicative of a transgression, coal does indicate abandonment of fluvial 
processes, which may or may not have been triggered by a transgression.  Both expressions of the IFS 
indicate abandonment of the Tullig delta in either a relatively shallow, marine-influenced environment 
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(as shown by the presence of Zoophycos), or a subaerial swamp (i.e. rootlet horizons in sandstones 
overlain by shaley coal, not necessarily indicative of sea-level rise).  As stated in Chapter 5.4,  Zoophycos 
is known to have inhabited a variety of environments including deep marine (Seilacher 1967), shallow-
marine (Ekdale and Mason 1988), and marginal-marine to estuarine (Buatois et al. 2005; Martino 1989).  
Oxygen depletion is also considered to be more of an important factor of where the Zoophycos animal 
lived than water depth, which is consistent with the low level of bio-diversity in Zoophycos-dominated 
strata (Kues 2005).  While each of these environments would indicate abandonment and initial flooding 
c-resource-num></record></Cite>  </EndNote> (  HYPERLINK \l "_ENREF_46" \o "Hampson, 1997 #147" 
 t al. 1997 ) .  It is only found at three locali`es, Killard, Carrowmore Point, and Furreera, and shows 
 evidence of in situ tree rootlet where coal is present, and in these cases the Tullig Sandstone is 
immediately overlain by in situ Stigmaria and rootlets, followed by coal. 
The next stage in the transgression is similar between all outcrops, and is represented by a fine-grained, 
weakly bedded to massive, sideritic siltstone unit (Facies T1.1).  As discussed in Chapter 5.4, siderite 
nodules are indicative of a very low-energy environment and fresh to brackish water conditions.  The 
extremely low abundance and diversity of trace fossils within this unit and overall absence of body 
fossils is interpreted as suggesting that the depositional environment was fresh to brackish.   This 
siltstone unit varies greatly in thickness between the outcrops.  The siltstones in the transgressive Tullig 
cyclothem are interpreted herein as delta front abandonment facies, deposited below storm wave-base 
or in a shallower wave-protected zone.  This interpretation is consistent with Pulham (1987), who 
interpreted the silt and mud to be deposited from suspension (i.e. hypopycnal flows) into a shallow, 
quiet water prodeltaic setting. 
Overlying the fine-grained lower portion of the outcrops is the Moore Bay Sandstone (sensu Wignall and 
Best, 2000), which comprises up to several sandstone beds, separated by siltstone or mudstone 
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interbeds.  These sandstone beds vary widely in thickness, from virtually non-existent (Mutton Island) to 
over 10 m thick (Diamond Rocks).  This sandstone unit is divided into facies S1.1 through S1.3, and 
contains varying degrees of wave and/or combined flow influenced bedding.  These sandstones are 
herein interpreted as mouth bar, predominantly distal mouth bar, deposits resulting from delta 
progradation during the transgression.  This depositional interpretation is consistent with the 
assessment by Pulham (1987) who interpreted the sandstones  within the Upper Tullig Cyclothem as 
increasingly proximal conditions upwards with increasingly coarser deposition from suspension in a 
distal bar setting.  The sandstones are thickest between the Diamond Rocks and Carrowmore Point 
outcrops, and positively correlate with the thickness of the outcrops and abundance of soft-sediment 
deformation in the forms of diapirs, slumps and growth faults.  This syn-sedimentary deformation has 
been interpreted in the present thesis as being caused by rapid overloading of sand deposited on 
unstable muds and silts.  Pulham (1987) also attributed the origin of soft-sediment deformation to be a 
direct result of rapid deposition of river mouth deposits on top of unstable clays.  Such deformation has 
been found to occur in modern diapirs in mouth bar settings where specific gravity differentials are 
greatest (Morgan et al. 1968).  The syn-sedimentary growth faults at the top of the Killard section are 
interpreted as the result of gravitational instabilities, driven by rapid overloading of sand on top of 
unstable muds and silts on a slope.  This overloading may cause movement on the slope in the form of 
rafting or slumping, and may cause extension and faulting during deposition.  Growth faults, like those 
present at the top of the Killard outcrop, were interpreted by Pulham (1987) to be a result of 
synsedimentary tensional stresses caused by lateral removal of underlying prodeltaic and distal mouth 
bar mudstones and siltstones.  
In the case of Carrowmore Point, which has a thickness of 50 m, three coarsening-upward 
parasequences are present, of which the top two parasequences are separated by a deformed siltstone 
horizon.  Coarsening-upward parasequences represent distinct periods of progradation and retreat of 
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the delta mouth bars.  In addition, the anomalous thickness of the Carrowmore Point section in 
comparison to the other nearby outcrops implies that local subsidence must have been related to the 
deposition of abundant overlying sand. 
The Mutton Island outcrop, which is only 5 km to the NW of Carrowmore Point, is comparatively thin, 
being less than 18 m thick, and contains an unusually small thickness of sandstone at the top.  This 
supports the interpretation that the progradational sandbodies were both laterally discontinuous and 
locally confined.  
The northernmost outcrops (Furreera and Cliffs of Moher) are significantly thinner than their southern 
counterparts (Figure 6.1), and still have a relatively high percentage of sand (i.e. 30% sand at Furreera 
versus 25% sand at Carrowmore Point and 20% sand at Trusklieve, Table 6.1).  Deformation caused by 
overloading of sand is not present in these northern outcrops.  This may be due to the very low 
abundance of underlying silt and mud.  The channelized Tullig Sandstone is not present at the Cliffs of 
Moher (Wignall and Best 2000), and resembles the mouth bar sediments of the Moore Bay Sandstone in 
its sheet-like nature.  In addition, it may also be possible to infer the Zoophycos surfaces near the top of 
the Furreera and Cliffs of Moher sections may have occurred at the same time as the Zoophycos at the 
IFS at Trusklieve and Tullig Point.  This is due to the interpretation that the transgression occurred by 
retreat of the delta toward the southwest, implying that the IFS at in the northern outcrops occurred at 
an earlier time than its equivalent in the south.  This source area to the SW is consistent with the 
majority of paleocurrent and slump direction indicators in the logged sections of the upper Tullig 
cyclothem that indicate primarily SW-NE to W-E wave and combined flows, which is consistent with the 
overall basin paleocurrent data (e.g.  Wignall & Best (2000; 2002)) and the Tullig Sandstone paleocurrent 
data presented by Stirling (2003).  The interpreted source area in this thesis therefore does not coincide 
with interpretations of the sediment source being from the NW (Martinsen and Collinson 2002; 
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Martinsen et al. 2003; Pulham 1989), or that paleocurrent directions dominated toward the SE and 
there was a NNE-SSW coastline orientation (Collinson et al. 1991). 
6.2 Relative Sea-Level Change and Controls 
The thickness variation between outcrops is a product of a combination of changes in relative sea-level, 
sediment supply and mouth bar progradation, and differential compactional subsidence.  These three 
variables interact in several important ways: 1) Initial allocyclic relative sea-level rise forces regional 
landward delta migration, which in turn causes a change in sediment supply to this area (i.e. the source 
becomes further away) and promotes hypopycnal deposition of more distal, finer-grained silts and 
muds; 2) Abandoned delta systems subside (Penland et al. 1988) and flow thus locally deepens, 
triggering localized (autocyclic) relative sea-level rise; and  3) Progradation of the delta during relative 
sea-level rise allows for rapid deposition of sand, which forms distal mouth bars.  This sand deposition is 
considered to be rapid because it outpaces subsidence and allocyclic relative sea-level rise, creating a 
combination of both shallowing and coarsening-upward parasequences.  In the case of the Tullig delta, 
these processes were the dominant controls on the outcrop thicknesses, facies patterns, and 
paleoenvironmental changes that occurred during the transgression. 
Given the significant variability in thickness between sections, the coarsening-upward parasequences, 
and the upward-increase in wave influence, there is clearly a local component to relative sea-level 
changes.  These local relative sea-level changes (autocyclic) are reflected in every exposed section of the 
Upper Tullig Cyclothem, which typically contains a coarsening-upward parasequence(s) which also 
indicates a shallowing upwards.  This is contrary to the expectation that within a transgression, a 
deepening or fining-upwards of facies and parasequences should occur (Cattaneo and Steel 2003).  In 
the outcrops studied herein, this overall fining (i.e. between the Tullig Sandstone and MFS) is 
interrupted by periods of shallowing and coarsening-upwards parasequences. 
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In contrast, the maximum flooding surface can be interpreted as a regional, eustatically-driven 
(allocyclic) surface, because it is a surface that correlates across the basin and NW Europe (Davies and 
Elliott 1996; Elliott 2000a; Hampson et al. 1997).  Indeed, only the MFS is interpreted in the present 
thesis as occurring at approximately the same time at each locality.  This is because each locality (with 
the exception of Carrowmore Point) has an exposed MFS that contains abandonment facies (i.e. Facies 
T1.1) above the progradational mouth bars (Moore Bay Sandstone).  The abandonment facies at the top 
of each outcrop suggests a basin-wide flooding event, and more rapid transgression than in the rest of 
the upper Tullig cyclothem.  This abandonment represents a time period of low deposition and sea-level 
rise, which eventually introduced a fully marine environment.  At Carrowmore Point, this period of 
abandonment is represented by a period of non-deposition on the top surface of the MBSS.  The overall 
progression of paleoenvironments that occurred during deposition of the Upper Tullig Cyclothem is 
illustrated in Figure 6.2.  This is similar to the model of the transgressive history of the Mississippi River 
Delta proposed by Boyd & Penland (1984), which describes the transgressive history of an abandoned 
Mississippi River delta lobe in three distinct evolutionary stages generated by abandonment, subsidence 
and marine reworking (Figure 6.3).  The two main differences between the model proposed in this thesis 
and that of Boyd & Penland (1984) is the period that occurs after abandonment in the upper Tullig 
cyclothem, with the lack of solid evidence for a barrier island arc washover fan.  The absence of the 
barrier island washover is contrary to the expectation that washover fans would form by erosional storm 
surges during the transgression (Reinson 1992; Schwartz 1975; Sedgwick and Davis 2003) as discussed in 
Chapter 3.  It is proposed in this thesis that a different model than the washover model should be 
considered in a coarsening upward sequence during a transgression.  For instance, it is herein 
interpreted that the sandstones at the top of each outcrop represent progradational mouth bars 
because they indicate unidirectional, wave, and combined flows with a preferential direction broadly 
toward the NE, and generally have an absence of tractional bedforms (i.e. they are dominated by 
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deposition from suspension).  If these sandstones were the result of washover deposits, as introduced in 
Chapter 3, the majority of the sandstone deposits would likely be deposited by traction load with a 
preferential direction toward the SE, rather than suspension load as they have been interpreted.  This is 
because the mechanism for hypopycnal settling of the sand is best explained by inferring a fluvial source 
to the SW (as shown by the paleocurrent indicators) that produced buoyant sediment plumes that 
settled sediment out of suspension. 
After the initial abandonment of the Tullig delta, each locality experienced varying rates of differential 
subsidence and aggradation, with maximum sediment thicknesses in the central portion of the field 
area, which was followed by the progradational mouth bar sand.  This progradational period is 
consistent with the cyclical model of Boyd & Penland (1984) (Figure 6.3). 
It is herein interpreted that the changes in relative sea-level were stepped in nature (modulated  by 
autocyclic changes), and that there was an overall, slower-paced relative sea-level rise (allocyclic) that 
was persistent until the period of maximum flooding when the pace of the transgression increased 
rapidly (Figure 6.4).  With this interpretation, allocyclic sea-level rise is assumed to be persistent 
throughout the transgression, and autocyclic sea-level rise is intermittent.  This autocyclic interpretation 
is supported by the upward increases in the amount of sand and abundance of wave and combined flow 
indicators, both preceded and followed by periods of abandonment and low wave energy.  These 
autocyclic changes are exhibited by shallowing-upward patterns, thus implying sedimentation rates kept 
pace or outpaced the rates in allocyclic relative sea-level rise.  For this to occur, allocyclic relative sea-
level rise may have been steady throughout the transgressive record until the upper siltstone and MFS.  
However, the autocyclic control was superimposed on a steady eustatic transgression by sequential 
periods of retrogradation (abandonment represented by the IFS and siltstone facies), local subsidence 
and aggradation (reflected in local outcrop thicknesses), and progradation (represented by the distal 
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mouth bar sands comprising the Moore Bay Sandstone which caps each coarsening-upward 
parasequence) (Figure 6.4).  Combining both autocyclic and allocyclic controls on the effect of relative 
sea-level at a specific locality (i.e. the sea-level curves on Figure 6.4), it is difficult to interpret coarsening 
upwards parasequences as ‘shallowing’ periods of relative sea-level, as the proximity of the sediment 
source may have been changing during the time of deposition.  An upward increase in both the 
deposition of coarser sediment and abundance of wave and combined-flow bedforms may have simply 
been a result of a sediment deposition rate outpacing a persistent, but slower-paced overall relative sea-
level rise.  Therefore the rate of overall relative sea-level rise is interpreted herein as variable because 
the changes in relative sea-level are influenced by competing allocyclic and autocyclic controls.  During 
periods of aggradation, the rate of sea-level rise is outpaced by the rate of sedimentation, and therefore 
is expressed in the outcrops as periods of relative sea-level fall. 
The problem of determining the rates of relative sea-level rise in terms of autocyclic or allocyclic 
changes has been acknowledged by Hallam (1984).  Coarsening-upward siliciclastic sequences may be 
deposited as a result of relative sea-level falls or from infilling by sediments (i.e. aggradation) during a 
stillstand.  Coarsening-upwards sequences have been linked to times of transgression when the rate of 
shallowing due to sediment influx exceeds the rate of rise (Vail et al. 1977).  Hallam (1984) suggested 
ways of circumventing this complexity, including correlating shallowing-upward siliciclastic sequences 
with carbonate sequences elsewhere, which could allow for an interpretation of regional-scale sea-level 
change.  The interplay between allocyclic and regional autocyclic controls can be imprecisely resolved by 
constructing a general eustatic curve plotting the areal distribution of marine sediments (i.e. MFS) and 
making estimates of shoreline positions on a global scale.  This information could be used to compare 
known patterns of transgressive-regressive and shallowing-deepening episodes in a given region (Hallam 
1984).  Unfortunately, this correlation method cannot be done with the data on this thesis due to the 
complexity of the time scale and difficulty of correlating outside of the basin.   
 199 
 
6.3 Implications for interpretations of the Western Irish Namurian Basin  
There has been recent debate concerning interpretation of the infill of the WINB, particularly in regard 
to the source area for clastic sediment.  The data collected for this thesis, and interpretations herein, of 
the infill of the upper Tullig cyclothem provides some insight into this discussion.  For example, the vast 
majority of paleocurrent indicators in the upper Tullig cyclothem are in the form of oscillatory and 
combined flow wave ripples.  Depending on the outcrop, these wave ripples indicate a majority of 
oscillation and combined flows oriented WSW-ENE and SW-NE but may also consist of other 
subordinate orientations including N-S, and NW-SE.  Taking all data from this thesis into consideration, a 
source area to the SW to WSW is considered to be the most likely scenario.  This data is consistent with 
the findings by Rider (1969), Pulham (1987; 1989), and Wignall and Best (2000).  Current and wave 
structures in the upper Tullig cyclothem suggest primarily E and NE and NW-SE flow, respectively (Pyles 
2008), and the paleocurrent measurements in this thesis are consistent with his data.  Furthermore, 
Pyles (2008) summarized paleocurrent data for the Central Clare Group from data collected by Pulham 
(1989) (see Figure 6.5).  The paleocurrent data for the fluvial Tullig Sandstone reflect a primarily NE 
direction, consistent with the findings by Williams and Soek (1993), Wignall and Best (2000), and Stirling 
(2003).   
Wignall and Best (2000; 2004) described the Tullig-Kilkee transition (the upper Tullig Cyclothem), and 
mentioned the presence of three marine bands above the Tullig Sandstone.  The first marine band is 
situated on top of a thin, bioturbated sandstone bed on top of the Tullig Sandstone.  This band has been 
found in this thesis to be variable between localities.  At some localities (Tullig Point, Trusklieve, and 
Mutton Island) a Zoophycos-bioturbated surface is overlain by up to several decimeters of 
unfossiliferous siltstone, with very rare Crinoids and bivalves in the lowest 1 m.  In other localities 
(Carrowmore Point, Killard, Furreera and Cliffs of Moher) the Tullig Sandstone is directly overlain by a 
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thin bioturbated sandstone bed containing abundant Stigmaria and rootlet traces.  Only at the Killard 
outcrop were any fossils found (rare Glabrocingulum gastropods) in the 1-2 m of siltstone above this 
surface.  The second and third marine bands identified by Wignall and Best (2000; 2004), the lower of 
which was said to mark the lower boundary of the Kilkee Cyclothem, were found at the Cliffs of Moher 
outcrop, but only the top band was found during fieldwork conducted for this thesis.  In no other 
studied outcrops in this thesis were two marine bands containing Reticuloceras stubblefieldi (R1b3) 
found. 
Wignall and Best (2002) have stated that the top surface of the Tullig Sandstone in the northern 
outcrops (i.e. Furreera) is not capped by a mature paleosol, indicated by the presence of root systems 
and developed soil horizons.  Wignall and Best (2000) also claim that the northern outcrops were 
located near the distal edge of the basin, relative to the facies found in southern outcrops.  Martinsen 
and Collinson (2002) used the relatively small thickness of the basin infill sediments in the north to 
interpret it as shallower than the southern counterparts.  These interpretations are clearly conflicting, 
but the evidence collected for this thesis provides insight to these interpretations. 
The presence of an in situ Stigmaria and rootlet horizon (Figure 5.39), overlain by a thin coal/paleosol 
above the Tullig Sandstone at Carrowmore Point, Killard and Furreera confirms emergent conditions in 
the north.  In addition, it is also interpreted herein that the thickness of the outcrops is related to 
regional and primarily local subsidence, triggered by sediment overloading and compaction.  The 
overloading and compaction may be an indirect result of the proximity to the sediment source, 
supporting the interpretation by Wignall and Best (2000; 2002) that the Furreera and Cliffs of Moher 
localities were more distal and thus sediment starved compared to outcrops to the south.  This 
interpretation implies that because the outcrops of the upper Tullig cyclothem to the south are 
generally thicker than outcrops in the north, the amount of sediment deposited in the south was 
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greater, and was therefore closer to the sediment source (i.e. the source was more south than north).  
This interpretation of distal conditions in the north is also supported by the absence of channels and 
dominant paleocurrents in the Tullig Sandstone equivalent at the northernmost outcrop in this study, 
the Cliffs of Moher, which is contrary to the interpretation by Martinsen and Collinson (2002) that the 
outcrops in the north represent shallower environments or were in the up-slope direction as stated by 
Collinson et al. (1991) (and therefore closer to the source).  Furthermore, emergent conditions have also 
been found at the top of the Tullig Sandstone unit at Carrowmore Point (a 50 m thick outcrop), 
represented by clearly in situ Stigmaria and rootlets (Figure 5.31).  Outcrops in the south, i.e. at 
Diamond Rocks and upper portion of the Trusklieve outcrop, exhibit storm wave-produced HCS within 
the Moore Bay Sandstone unit near the top of the upper Tullig cyclothem sequence.  These large 
bedforms are not present in northern outcrops, suggesting distal and storm wave-protected conditions 
in the north. 
Another important difference between the northern and southern outcrops is the presence of 
significantly thicker packages of sediment in the south than outcrops in the north such as Furreera and 
Cliffs of Moher.  Martinsen and Collinson (2002) disagree with Wignall & Best (2000) and do not believe 
that these thin and condensed outcrops were deposited in distal settings.  Instead, the sedimentation 
was interpreted as suspension settling, depositing hemipelagic and pelagic material in thicker packages 
in the basin center, and progressively draping the basin margins (Martinsen and Collinson 2002).  This 
interpretation places emphasis on aggradational stacking of sediment and ignores progradational 
depositional patterns.  Wignall and Best (2002) stressed that the greatest sediment thicknesses does not 
necessarily equate with the site of deepest water in a basin, and the dissimilarity between depositional 
patterns in aggradational and progradational settings is important.  The data presented in this thesis, 
specifically the clear presence of up to three distinct coarsening upwards parasequences in the studied 
outcrops, echoes the hypothesis that progradation of the delta(s) was a very important control on 
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depositional patterns and outcrop thicknesses.  The model of Boyd and Penland (1984) (Figure 6.3) is a 
basis for the model used in this thesis (Figure 6.2), which illustrates a series of repetitive cycles of 
progradation during a period of time interpreted as a transgressive sequence. 
In summary, the interpretation of the outcrops containing the upper Tullig cyclothem in this study 
suggests more distal conditions in the north than in the south.  The differences in outcrop thicknesses 
and sediment depositional patterns are the product of overall steady eustatic (allocyclic) sea-level rise, 
combined with autocyclic controls such as localized proximity to the source of sediment, local amounts 
of sediment deposited, and local subsidence rates. 
 
  
 
2
0
3
 
 
Figure 6.1: This figure compiles each of the studied outcrops discussed in this thesis, and shows the relative thicknesses of the outcrops, the MFS (red) and IFS 
(green), and distances between outcrops.  Underlying Tullig Sandstone thicknesses from Stirling (2003).
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Figure 6.2: Planview model showing the four main stages that occurred during the depositional history of the 
Upper Tullig Cyclothem.  Black dots indicate the locations of the nine localities studied in this thesis.  Stage 1 shows 
the active Tullig Delta system prograding to the N/NE.  This stage deposited the Tullig Sandstone and was 
eventually flooded by the ensuing transgression. Stage 2 shows the next stage of the transgression, indicated by 
both landward movement and abandonment of the Tullig Delta towards the southwest.  Stage 3 indicates a series 
of progradational mouth bar advance that deposited proximal and distal mouth bar sands in a relative shallowing-
upward pattern (Moore Bay Sandstone).  Stage 4 shows the basin-wide, fully marine and non-depositional period 
represented by the MFS. 
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Figure 6.3: Model from Boyd & Penland (1984) showing the depositional history of an abandoned Mississippi River 
Delta.  Evolutionary stages were generated by abandonment, subsidence and marine reworking.  This simplified 
model may explain the periodic progradation responsible for the coarsening-upward parasequences in the upper 
Tullig cyclothem.  Barrier Island arc complex, as shown in this figure, is absent in the transgressive Tullig Model 
(Figure 6.2).   
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Figure 6.4 
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Figure 6.4: Exemplary outcrop log of Carrowmore Point and relative sea-level (RSL) model showing an 
interpretation of autocyclic (red) and allocyclic (blue) sea-level change, and the inferred sedimentary product.  In 
each outcrop, allocyclic changes in RSL are only evident by the IFS and MFS, and this is interpreted as an overall 
steady rise.  Autocyclic changes are reflected by the sedimentary product of transgression and numerous local 
process variables (i.e. local relative proximity to sediment source, subsidence rate, and compaction). The variable 
pattern (three major progradations or parasequences) of the autocyclic sea-level curve reflects the several periods 
of actual decrease in local relative sea-level. 
 
Figure 6.5: Table from Pyles (2008), summarizing the paleocurrent data from the Ross Sandstone (Pyles 2008), Gull 
Island Formation (Martinsen et al. 2003), and the Central Clare Group (Pulham 1989). 
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Chapter 7 
Conclusions 
A cyclothem (Wanless and Weller 1932) is a repetitive stratigraphic succession of marine and nonmarine 
strata that records cyclicity in relative sea-level change.  This thesis contributes to the understanding of 
the depositional history of the Carboniferous Western Irish Namurian Basin, and interprets the changes 
in paleoenvironments during a period of transgression, the sedimentary record of relative sea-level rise.  
Relative sea-level rise is controlled by both allocyclic and autocyclic changes.  Allocyclic refers to cycles 
that are created by processes outside of the depositional basin (i.e. regional tectonic subsidence or 
global sea-level rise driven by continental glacier advances and retreats).  Autocyclic refers to the cycles 
of sedimentation caused by processes within the basin, such as local subsidence. 
The thesis addresses the sedimentology and stratigraphy of the upper portion of the Tullig Cyclothem in 
order to understand the nature of sea-level change (i.e. continuous and linear versus stepped, and 
autocyclic versus allocyclic) and paleoenvironmental changes. 
The Reticuloceras stubblefieldi marine band provides a biostratigraphic framework for the upper 
boundary of the upper Tullig Cyclothem, and is representative of a period of fully marine conditions 
across the basin.  The lower boundary of the upper Tullig Cyclothem is interpreted as the top surface of 
the Tullig Sandstone, and is represented by a change from a fluvially-dominated environment to an 
abandoned delta front.  This transition represents the initiation of a marine transgression, and is 
typically marked by either a Zoophycos traced surface or Stigmaria rootlets. 
Fieldwork conducted on nine outcrops containing the upper Tullig Cyclothem in County Clare has 
allowed for description and interpretation of sedimentary lithofacies and lithofacies associations.  Using 
this information, interpretations of the nature of relative sea-level change, its controls, and the changing 
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paleoenvironments have been made.  The vertical succession of each outcrop was described, 
interpreted and illustrated using stratigraphic logs, including outcrops at Trusklieve, Carrowmore Point, 
Furreera, Mutton Island, George’s Head, Diamond Rocks, Channel, Killard, Tullig Point and the Cliffs of 
Moher. 
Interpretations of lithofacies in these outcrops led to six lithofacies associations (LA) being identified: 
LA1) a multistory, low sinuosity braided fluvial complex (Stirling 2003) and coal-bearing paleosol, LA2) 
delta abandonment (protected delta front), LA3) distal distributary mouth bar sandstone, LA4) storm 
wave-reworked mouth bar, LA5) delta front depositional hiatus, and LA6) open marine conditions.  
These lithofacies associations reflect the general order and vertical trend at each locality where the full 
section is exposed. 
Paleocurrent data indicate a very wide range of wave and combined flow orientations, with a majority 
oriented between north and east.  Using detailed field data from the Upper Tullig Cyclothem and 
interpretations of lithofacies, a depositional model and representative relative sea-level curve has been 
proposed.    The depositional model was used to illustrate the four primary depositional stages which 
occurred during the transgression.  A representative relative sea-level curve is proposed to illustrate the 
variable nature and the competing allocyclic and autocyclic controls on relative sea-level. 
The Upper Tullig Cyclothem has been found in this thesis to reflect the following generalized sequential 
paleoenvironmental history. 1) The transition from fluvial sandstone (Tullig Sandstone) to a submerged, 
low energy, near shore, and nondepositional delta front indicates relative sea-level rise.  This 
environment is reflected by Zoophycos (fully flooded and brackish (Buatois et al. 2005)) and coal 
(subaerially exposed) at the initial flooding surface.  These two representations of the IFS are 
interpreted to be a product of variations in local topography. 2) A brackish, low-deposition rate, and 
wave-protected delta front environment represented by mud and siltstone beds.  Trace fossils are 
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largely absent from this part of the section due to generally low water salinities. 3) Coarsening-upward 
parasequence(s) culminated by a series of sandstone beds that are interpreted in this thesis to 
represent delta progradation (driven by delta lobe switching) and deposition of distal mouth bars into a 
shallow, but quiet, water setting. 4) The deposition of sand ceased as a result of delta abandonment, 
and was followed by a depositional hiatus.  Fine-grained sediment was once again deposited from 
suspension until the final upward push in relative sea-level is represented by the Reticuloceras 
stubblefieldi goniatite marine band or maximum flooding surface.  
This research has shown a pattern of greater thicknesses of the transgressive upper Tullig cyclothem 
sediments in the southern, and particularly central, outcrops (i.e. Carrowmore Point) and significantly 
thinner sections in the northern outcrops (i.e. Furreera and Cliffs of Moher).  These different outcrop 
thicknesses have been ascribed in this thesis to represent a combination of variable local subsidence 
rates and the local proximity to the sediment supply.  Understanding these variables has been linked to 
a model of basin evolution that details the complex deltaic environments and their autocyclic changes, 
as well as their response to changes in relative sea-level. 
 
 
 
 
 
 
 
 211 
 
REFERENCES 
 
ALLEN, G.P., and POSAMENTIER, H.W., 1993, Sequence Stratigraphy and Facies Model of an Incised Valley 
Fill: the Gironde Estuary, France: Journal of Sedimentary Petrology, v. 63, p. 378-391. 
ALLEN, P.A., 1985, Hummocky cross-stratification is not produced purely under progressive gravity 
waves: Nature, v. 313, p. 562-564. 
ALLISON, P.A., WIGNALL, P.B., and BRETT, C.E., 1995, Palaeo-oxygenation: effects and recognition: 
Geological Society, London, Special Publications, v. 83, p. 97-112. 
ASHLEY, G.M., SOUTHARD, J.B., and BOOTHROYD, J.C., 1982, Deposition of climbing-ripple beds: a flume 
simulation: Sedimentology, v. 29, p. 67-79. 
AUSICH, W.I., and SEVASTOPULO, G.D., 1994, Taphonomy of Lower Carboniferous crinoids from the Hook 
Head Formation, Ireland: Lethaia, v. 27, p. 245-256. 
BATES, R.L., and JACKSON, J.A., 1984, Dictionary of Geological Terms, Third Edition, American Geological 
Institute: New York Anchor Books. 
BESLY, B.M.K., G., 1988, Sedimentation in a Synorogenic Basin Complex - the Upper Carboniferous of 
Northwest Europe, Blackie, Glasgow. 
BHATTACHARYA, J.P., and WALKER, R.G., 1992, Deltas, in R.G., W., and N.P., J., eds., Facies Models: 
Response to Sea Level Change, Geological Association of Canada, p. 157-177. 
BJERSTEDT, T.W., 1988, Trace fossils from the early Mississippian Price Delta, southeast West Virginia: 
Journal of Paleontology, v. 62, p. 506-519. 
BOGGS, S.J., 2009, Petrology of Sedimentary Rocks: Cambridge, UK, Cambridge University Press, 610 p. 
BOYD, R., DALRYMPLE, R.W., and ZAITLIN, B.A., 1992, Classification of clastic coastal depositional 
environments: Sedimentary Geology, v. 80, p. 139-150. 
BOYD, R., and PENLAND, S., 1984, Shoreface translation and the holocene stratigraphic record: examples 
from Nova Scotia, the Mississippi Delta and eastern Australia: Marine Geology, v. 60, p. 391-412. 
BRIDGE, J.S., and BEST, J.L., 1988, Flow, sediment transport and bedform dynamics over the transition 
from dunes to upper-stage plane beds: implications for the formation of planar laminae: 
Sedimentology, v. 35, p. 753-763. 
BRIDGES, P.H., 1976, Lower-Silurian Transgressive Barrier Islands, Southwest Wales: Sedimentology, v. 23, 
p. 347-362. 
BUATOIS, L.A., GINGRAS, M.K., MACEACHERN, J.A., MANGANO, M.G., ZONNEVELD, J.-P., PEMBERTON, S.G., NETTO, 
R.G., and MARTIN, A., 2005, Colonization of Brackish-Water Systems through Time: Evidence from 
the Trace-Fossil Record: PALAIOS, v. 20, p. 321-347. 
CATTANEO, A., and STEEL, R.J., 2003, Transgressive deposits: a review of their variability: Earth-Science 
Reviews, v. 62, p. 187-228. 
CATUNEANU, O., 2006, Principles of Sequence Stratigraphy, Elsevier. 
CHAPIN, M.A., 1994, Reservoir architecture of turbidite sheet sandstones in laterally extensive outcrops, 
Ross Formation, western Ireland, in Weimer, P., Bouma, A. H., and Perkins, B. F., ed., Submarine 
Fans and Turbidite Systems: Houston, TX, Gulf Coast Section, Society of Economic 
Paleontologists and Mineralogists Foundation. 
CHEN, Z., and RYBCZYK, J., 2005, Coastal Subsidence, in Schwartz, M.L., ed., Encyclopedia of Coastal 
Science, Springer, p. 302-304. 
COLEMAN, J.M., WALKER, H.J., and GRABAU, W.E., 1998, Sediment Instability in the Mississippi River Delta: 
Journal of Coastal Research, v. 14, p. 872-881. 
COLEMAN, M.L., HEDRICK, D.B., LOVLEY, D.R., WHITE, D.C., and PYE, K., 1993, Reduction of Fe(iii) in Sediments 
by Sulfate-Reducing Bacteria: Nature, v. 361, p. 436-438. 
 212 
 
COLLER, D.W., 1984, Variscan structures in upper Palaeozoic rocks of west central Ireland, in Hutton, 
D.H.W., and Sanderson, D.J., eds., Variscan tectonics of the North Atlantic region: London, 
Geological Society Special Publication, p. 185-194. 
COLLINSON, J.D., MARTINSEN, O.J., BAKKEN, B., and KLOSTER, A., 1991, Early fill of the Western Irish Namurian 
Basin: a complex relationship between turbidites and deltas: Basin Research, v. 3, p. 223-242. 
COPE, J.C.W., 1993, High resolution biostratigraphy: Special Publication Geological Society of London, v. 
70, p. 257-265. 
DALRYMPLE, R.W., ZAITLIN, B.A., and BOYD, R., 1992, Estuarine facies models; conceptual basis and 
stratigraphic implications: Journal of Sedimentary Petrology, v. 62, p. 1130-1146. 
DAVIES, S.J., and ELLIOTT, T., 1996, Spectral gamma ray characterization of high resolution sequence 
stratigraphy: examples from Upper Carboniferous fluvio-deltaic systems, County Clare, Ireland, 
in Howell, J.A., and Aitken, J.F., eds., High Resolution Sequence Stratigraphy: Innovations and 
Applications, p. 25-35. 
DEWEY, J.F., and STRACHAN, R.A., 2003, Changing Silurian–Devonian relative plate motion in the 
Caledonides: sinistral transpression to sinistral transtension: Journal of the Geological Society of 
London, v. 160, p. 219-229. 
DRISCOLL, N.W., and KARNER, G.D., 1999, Three-dimensional quantitative modeling of clinoform 
development: Marine Geology, v. 154, p. 383-398. 
DUKE, W.L., 1985, Hummocky cross-stratification, tropical hurricanes, and intense winter storms: 
Sedimentology, v. 32, p. 167-194. 
DUMAS, S., and ARNOTT, R.W.C., 2006, Origin of hummocky and swaley cross-stratification - The 
controlling influence of unidirectional current strength and aggradation rate: Geology, v. 34, p. 
1073-1076. 
EKDALE, A.A., and MASON, T.R., 1988, Characteristic trace-fossil associations in oxygen-poor sedimentary 
environments: Geology, v. 16, p. 720-723. 
ELLIOTT, T., 1974, Abandonment Facies of High-Constructive Lobate Deltas, with an Example from the 
Yoredale Series: Proceedings of the Geologists' Association, v. 85, p. 359-365. 
ELLIOTT, T., 2000a, Depositional architecture of a sand-rich, channelised turbidite system: the Upper 
Carboniferous Ross Sandstone Formation, western Ireland.: Turbidite reservoirs of the world. 
20th annual gulf coast section SEPM Bob F. Perkins research conference proceedings, p. 342-
373. 
ELLIOTT, T., 2000b, Megaflute erosion surfaces and initiation of turbidite channels: Geology, v. 28, p. 119-
122. 
ELLIOTT, T., PULHAM, A.J., and DAVIES, S.J., 2000, Sedimentology, sequence stratigraphy and spectral 
gamma ray expression of turbidite, slope and deltaic depositional sytems in an Upper 
Carboniferous basin fill succession, western Ireland, International Association of 
Sedimentologists Conference, Field Guide: Dublin, Ireland, p. 40. 
ELLWOOD, B.B., CHRZANOWSKI, T.H., HROUDA, F., LONG, G.J., and BUHL, M.L., 1988, Siderite formation in 
anoxic deep-sea sediments: A synergetic bacteria controlled process with important implications 
in paleomagnetism: Geology, v. 16, p. 980-982. 
FREDRICKSON, J.K., ZACHARA, J.M., KENNEDY, D.W., DONG, H., ONSTOTT, T., HINMAN, N.W., and LI, S., 1998, 
Biogenic iron mineralization accompanying the dissimilatory reduction of hydrous ferric oxide by 
a groundwater bacterium: Geochimica et Cosmochimica Acta, v. 62, p. 3239-3257. 
GAGLIANO, S.M., 1999, Faulting, subsidence and land loss in coastal Louisiana, Coast 2050: Toward a 
Sustainable Coastal Louisiana: Baton Rouge, LA, Louisiana Department of Natural Resources. 
GALLAGHER, E.L., ELGAR, S., and THORNTON, E.B., 1998, Megaripple migration in a natural surf zone: Nature, 
v. 394. 
 213 
 
GALLOWAY, W.E., 1986, Growth faults and fault-related structures of prograding terrigenous clastic 
continental margins: Gulf Coast Association of Geological Societies Transactions, v. 36, p. 121-
128. 
GIBLING, M.R., and BIRD, D.J., 1994, Late Carboniferous cyclothems and alluvial paleovalleys in the Sydney 
Basin, Nova Scotia: Geological Society of America Bulletin, v. 106, p. 105-117. 
GILL, W.D., 1979, Syndepositional sliding and slumping in the West Clare Namurian Basin, Ireland: Special 
paper / Geological Survey of Ireland: Dublin, Minister for Industry, Commerce and Energy, 31 p. 
GREENWOOD, B., and SHERMAN, D.J., 1986, Hummocky cross-stratification in the surf zone: flow 
parameters and bedding genesis: Sedimentology, v. 33, p. 33-45. 
HALLAM, A., 1984, Pre-Quaternary Sea-Level Changes: Annual Review of Earth and Planetary Sciences, v. 
12, p. 205-243. 
HAMPSON, G.J., DAVIES, S.J., ELLIOTT, T., FLINT, S.S., and STOLLHOFEN, H., 1999, Incised valley fill sandstone 
bodies in Upper Carboniferous fluvio-deltaic strata: recognition and reservoir characterization of 
Southern North Sea analogues: Petroleum Geology of Northwest Europe: Proceedings of the 5th 
Conference, p. 771-788. 
HAMPSON, G.J., ELLIOTT, T., and DAVIES, S.J., 1997, The application of sequence stratigraphy to Upper 
Carboniferous fluvio-deltaic strata of the onshore UK and Ireland: implications for the southern 
North Sea: Journal of the Geological Society, v. 154, p. 719-733. 
HANDSCHY, J.W., 1998, Sedimentology and paleogeographic significance of Upper Devonian and Lower 
Mississippian clastic rocks, Endicott Mountains allochthon, central Brooks Range, Alaska: 
Geological Society of America Special Papers, v. 324. 
HAQ, B.U., HARDENBOL, J., and VAIL, P.R., 1987, Chronology of Fluctuating Sea Levels Since the Triassic: 
Science, v. 235, p. 1156-1177. 
HASZELDINE, R.S., 1988, Crustal lineaments in the British Isles: their relationship to Carboniferous Basins, 
in Besly, B.M., and Kelling, G., eds., Sedimentation in a Synorogenic Basin Complex.  The Upper 
Carboniferous of Northwest Europe: Glasgow, Blackie. 
HEWARD, A.P., 1981, A Review of Wave-Dominated Clastic Shoreline Deposits: Earth-Science Reviews, v. 
17, p. 223-276. 
HIGGINS, G.E., and SAUNDERS, J.B., 1974, Mud volcanoes - Their nature and origin: Verhandl 
Naturforsohung Gesellschafl, Basel v. 84, p. 101-154. 
HILDEBRANDT, C., and EGENHOFF, S., 2007, Shallow-marine massive sandstone sheets as indicators of 
palaeoseismic liquefaction — An example from the Ordovician shelf of Central Bolivia: 
Sedimentary Geology, v. 202, p. 581-595. 
HODSON, F., 1954a, The beds above the Carboniferous limestone in north-west County Clare, Eire: 
Quarterly Journal of the Geological Society of London, v. 109, p. 259-283. 
HODSON, F., and LEWARNE, G.C., 1961, A mid-Carboniferous (Namurian) basin in parts of the counties of 
Limerick and Clare, Ireland: Quarterly Journal of the Geological Society of London, v. 117, p. 307-
333. 
HOLLAND, S.M., 1995, The stratigraphic distribution of fossils: Paleobiology, v. 21, p. 92-109. 
HORNE, J.C., FERM, J.C., CARUCCIO, F.T., and BAGANZ, B.P., 1978, Depositional Models in Coal Exploration 
and Mine Planning in Appalachian Region: AAPG Bulletin, v. 62, p. 2379-2411. 
HOWELL, J.A., SKORSTAD, A., MACDONALD, A., FORDHAM, A., FLINT, S., FJELLVOLL, B., and MANZOCCHI, T., 2008, 
Sedimentological parameterization of shallow-marine reservoirs: Petroleum Geoscience, v. 14, 
p. 17-34. 
HUNTER, R.E., and CLIFTON, H.E., 1982, Cyclic deposits and hummocky cross-stratification of probable 
storm origin in Upper Cretaceous rocks of the Cape Sebastian area, southwest Oregon: Journal 
of Sedimentary Petrology, v. 52, p. 127-143. 
 214 
 
HWANG, I.-G., and KELLER, P.L., 2002, Anatomy of a transgressive lag: Panther Tongue Sandstone, Star 
Point Formation, central Utah: Sedimentology, v. 49, p. 977-999. 
HYATT, A., 1884, The Evolution of the Cephalopoda - II: Science, v. 3, p. 145-149. 
JONES, J.R., and CAMERON, B., 1988, Modern coastal back-barrier environment: Analog for coal basin or 
for carbonaceous black shale?: Geology, v. 16, p. 345-348. 
JUDD, A.G., and HOVLAND, M., 2007, Seabed fluid flow: the impact of geology, biology and the marine 
environment, Cambridge University Press, 492 p. 
KIDWELL, S.M., 1991, Condensed Deposits in Siliciclastic Sequences: Expected and Observed Features, in 
Einsele, G., Ricken, W., and Seilacher, A., eds., Cycles and Events in Stratigraphy: Berlin, 
Springer-Verlag, p. 211-290. 
KIM, J.Y., KIM, K.-S., and PICKERILL, R.K., 2002, Cretaceous Nonmarine Trace Fossils from the Hasandong 
and Jinju Formations of the Namhae Area, Kyongsangnamdo, Southeast Korea: Ichnos, v. 9, p. 
41-60. 
KOCHEL, C.R., and DOLAN, R., 1986, The Role of Overwash on a Mid-Atlantic Coast Barrier Island: The 
Journal of Geology, v. 94, p. 902-906. 
KUES, B.S., 2005, Gallery of Geology: The trace fossil Zoophycos in the Sandia Formation of north-central 
New Mexico: New Mexico Geology, v. 27, p. 70-71. 
LEVERIDGE, B.E., and HARTLEY, A.J., 2006, The Variscan Orogeny: the development and deformation of 
Devonian/Carboniferous basins in SW England and South Wales, in Brenchley, P.J., and Rawson, 
P.F., eds., The Geology of England and Wales: London, Geological Society of London, p. 225-256. 
LIEN, T., WALKER, R.G., and MARTINSEN, O.J., 2003, Turbidites in the Upper Carboniferous Ross Formation, 
western Ireland—reconstruction of a channel and spillover system.: Sedimentology, v. 50, p. 
113-148. 
LOWE, D.R., 1975, Water-escape structures in coarse-grained sediments: Sedimentology, v. 22, p. 157-
204. 
LOWE, D.R., 1976, Subaqueous liquefied and fluidised sediment flows and their deposits: Sedimentology, 
v. 23. 
MACEACHERN, J.A., PEMBERTON, S.G., GINGRAS, M.K., and BANN, K.L., 2007, The Ichnofacies Paradigm: A 
Fifty-Year Retrospective, in Miller, W., III, ed., Trace Fossils: Concepts, Problems, Prospects: 
Oxford, Elsevier, p. 52-77. 
MANGANO, M.G., and BUATOIS, L.A., 2007, Trace Fossils in Evolutionary Paleoecology, in Miller, W., III, ed., 
Trace Fossils: Concepts, Problems, Prospects, Elsevier, p. 391-409. 
MARTINO, R.L., 1989, Trace fossils from marginal marine facies of the Kanawha Formation (Middle 
Pennsylvanian), West Virginia: Journal of Paleontology, v. 63, p. 389-403. 
MARTINSEN, O.J., 1989, Styles of soft-deformation on a Namurian (Carboniferous) delta slope, Western 
Irish Namurian Basin, Ireland, in Whateley, M.K.G., and Pickering, K.T., eds., Deltas: Sites and 
Traps for Fossil Fuels, Geological Society, London, Special Publication p. 167-177. 
MARTINSEN, O.J., and COLLINSON, J.D., 2002, The Western Irish Namurian Basin reassessed - a discussion: 
Basin Research, v. 14, p. 523-542. 
MARTINSEN, O.J., LIEN, T., WALKER, R.G., and COLLINSON, J.D., 2000, Upper Carboniferous deep water 
sediments, western Ireland: Analogues for passive margin turbidite plays: Deep-water reservoirs 
of the world: Gulf Coast Section Society of Economic Paleontologists and Mineralogists 
Foundation, p. 533-555. 
MARTINSEN, O.J., LIEN, T., WALKER, R.G., and COLLINSON, J.D., 2003, Facies and sequential organisation of a 
mudstone-dominated slope and basin floor succession: the Gull Island Formation, Shannon 
Basin, Western Ireland: Marine and Petroleum Geology, v. 20, p. 789–807. 
 215 
 
MILLER, K.G., KOMINZ, M.A., BROWNING, J.V., WRIGHT, J.D., MOUNTAIN, G.S., KATZ, M.E., SUGARMAN, P.J., 
CRAMER, B.S., CHRISTIE-BLICK, N., and PEKAR, S.F., 2005, The Phanerozoic Record of Global Sea-Level 
Change: Science, v. 310, p. 1293-1298. 
MILLER, M.F., and WHITE, D.S., 2007, Ecological and Evolutionary Controls on the Composition of Marine 
and Lake Ichnofacies, in Miller, W., III, ed., Trace Fossils: Concepts, Problems, Prospects, Elsevier, 
p. 531-544. 
MORGAN, J.P., COLEMAN, J.M., and GAGLIANO, S.M., 1968, Mudlumps: Diapiric Structures in Mississippi 
Delta Sediments: AAPG Memoir, v. 8, p. 154-161. 
MULDER, T., and ALEXANDER, J., 2001, The physical character of subaqueous sedimentary density fows and 
their deposits: Sedimentology, v. 48, p. 269-299. 
MUTO, T., and STEEL, R.J., 1992, Retreat of the front of a prograding delta: Geology, v. 20, p. 967-970. 
MUTO, T., and STEEL, R.J., 1997, Principles of regression and transgression: the nature of the interplay 
between accommodation and sediment supply: Journal of Sedimentary Research, v. 71, p. 246-
254. 
MYROW, P.M., and SOUTHARD, J.B., 1991, Combined-flow model for vertical stratification sequences in 
shallow marine storm-deposited beds: Journal of Sedimentary Research, v. 61, p. 202-210. 
NØTTVEDT, A., and KREISA, R.D., 1987, Model for the combined-flow origin of hummocky cross-
stratification: Geology, v. 15, p. 357-361. 
OBERMEIER, S.F., 1996, Use of liquefaction-induced features for palaeoseismic analysis—an overview of 
how seismic liquefaction can be distinguished from other features and how their regional 
distribution and properties of source sediment can be used to infer the location and strength of 
Holocene palaeo-earthquakes: Engineering Geology, v. 44. 
PEMBERTON, S.G., and FREY, R.W., 1982, Trace fossil nomenclature and the Planolites-Palaeophycus 
dilemma: Journal of Paleontology, v. 56, p. 843-871. 
PENLAND, S., BOYD, R., and SUTER, J.R., 1988, Transgressive depositional systems of the Mississippi delta 
plain: A model for barrier shoreline and shelf sand development: Journal of Sedimentary 
Petrology, v. 58, p. 932-949. 
PENLAND, S., and KULP, M.A., 2005, Deltas, in Schwartz, M.L., ed., Encyclopedia of Coastal Science, 
Springer, p. 362-368. 
POSAMENTIER, H.W., and ALLEN, G.P., 1993, Variability of the sequence stratigraphic model: effects of local 
basin factors: Sedimentary Geology, v. 86, p. 91-109. 
PRALLE, N., KÜLZER, M., and GUDEHUS, G., 2003, Experimental evidence on the role of gas in sediment 
liquefaction and mud volcanism: Geological Society, London, Special Publications, v. 216, p. 159-
171. 
PULHAM, A.J., 1987, Depositional and syn-sedimentary deformation processes in Namurian deltaic 
sequences of west County Clare, Ireland: University of Wales, Swansea. 
PULHAM, A.J., 1989, Controls on internal structure and architecture of sandstone bodies within Upper 
Carboniferous fluvial-dominated deltas, County Clare, western Ireland: Geological Society, 
London, Special Publications, v. 41, p. 179-203. 
PYLES, D.R., 2007, Architectural elements in a ponded submarine fan, Carboniferous Ross Sandstone, 
western Ireland, in Nilsen, T.H., Shew, R.D., Steffens, G.S., and Studlick, J.R.J., eds., Atlas of deep-
water outcrops, AAPG Studies in Geology, CD-ROM, p. 19. 
PYLES, D.R., 2008, Multiscale stratigraphic analysis of a structurally confined submarine fan: 
Carboniferous Ross Sandstone, Ireland: AAPG Bulletin, v. 92, p. 557-587. 
PYLES, D.R., D. C. JENNETTE, 2009, Geometry and architectural associations of co-genetic debrite–turbidite 
beds in basin-margin strata, Carboniferous Ross Sandstone (Ireland): Applications to reservoirs 
located on the margins of structurally confined submarine fans: Marine and Petroleum Geology, 
v. 26, p. 1974-1996. 
 216 
 
READING, H.G., and COLLINSON, J.D., 1996, Clastic coasts, in Reading, H.G., ed., Sedimentary Environments: 
Processes, Facies and Stratigraphy, Wiley-Blackwell. 
REED, D.J., 1989, Patterns of Sediment Deposition in Subsiding Coastal Salt Marshes, Terrebonne Bay, 
Louisiana - the Role of Winter Storms: Estuaries, v. 12, p. 222-227. 
REINSON, G.E., 1992, Transgressive barrier island and estuarine systems, in Walker R.G., J.N.P., ed., Facies 
models – response to sea level change: St. John's, Nfld., Geological Association of Canada, p. 
179-194. 
RIDER, M.H., 1969, Sedimentological studies in the West Clare Namurian, Ireland and the Mississippi 
River delta [unpublished Ph.D. thesis]: Imperial College, London. 
RIDER, M.H., 1974, The Namurian of west County Clare: Proceedings of the Royal Irish Academy, v. 74b, 
p. 125-142. 
RIDER, M.H., 1978, Growth Faults in Carboniferous of Western Ireland: AAPG Bulletin, v. 62, p. 2191-
2213. 
SAVRDA, C.E., 2007, Trace Fossils and Marine Benthic Oxygenation, in Miller, W., III, ed., Trace Fossils: 
Concepts, Problems, Prospects, Elsevier, p. 149-158. 
SCHWARTZ, R.K., 1975, Nature and genesis of some storm washover deposits: CERC Technical Memo, U.S. 
Army Corps of Engineers, v. 61, p. 69. 
SEDGWICK, P.E., and DAVIS, R.A., 2003, Stratigraphy of washover deposits in Florida: implications for 
recognition in the stratigraphic record: Marine Geology, v. 200, p. 31-48. 
SEILACHER, A., 1967, Bathymetry of trace fossils: Marine Geology, v. 5, p. 413-428. 
SMITH, A.B., and CRIMES, T.P., 1983, Trace fossils formed by heart urchins - a study of Scolicia and related 
traces: Lethaia, v. 16, p. 79-92. 
STANISLAWSKA, M., SELBY, D., and CHEW, D., 2007, Re and Os isotopic systematics in organic-rich shales 
from the Clare Basin, Ireland - preliminary results: Abstracts of the 50th Annual Irish Geological 
Research Meeting, v. 41. 
STIRLING, E.J., 2003, Architecture of fluvio-deltaic sandbodies: the Namurian of Co. Clare, Ireland, as an 
analogue for the Plio-Pleistocene of the Nile Delta: University of Leeds, 373 p. 
STRACHAN, L.J., and ALSOP, G.I., 2006, Slump folds as estimators of palaeoslope: a case study from the 
Fisherstreet Slump of County Clare, Ireland: Basin Research, v. 18, p. 451-470. 
SUTER, J.R., 2006, Facies Models Revisited: Clastic Shelves: SEPM Special Publication, v. 84, p. 339-397. 
SWIFT, D.J.P., FIGUEIREDO, A.G., and FREELAND, G.L., 1983, Hummocky cross-stratification and megaripples: 
A geological double standard?: Journal of Sedimentary Petrology, v. 53, p. 1295-1317. 
TRENCH, A., and TORSVIK, T.H., 1992, The closure of the Iapetus Ocean and Tornquist sea - new 
paleomagnetic constraints: Journal of the Geological Society, v. 149, p. 867-870. 
TREWORGY, C.G., and JACOBSON, R.J., 1979, Paleoenvironments and Distribution of Low-Sulfur Coal in 
Illinois, Ninth International Congress on Carboniferous Stratigraphy and Geology, Illinois 
Department of Energy and Natural Resources, State Geological Survey Division, p. 349-359. 
VAIL, P.R., MITCHUM, R.M., and THOMPSON III, S., 1977, Seismic Stratigraphy and Global Changes of Sea 
Level, in Payton, C.E., ed., Stratigraphic Interpretation of Seismic Data, AAGP Memoir, p. 49-212. 
WANLESS, H.R., and WELLER, J.M., 1932, Correlation and extent of Pennsylvanian cyclothems: Geological 
Society of America Bulletin, v. 43, p. 1003-1016. 
WATERS, C.N., BROWNE, M.A.E., DEAN, M.T., and POWELL, J.H., 2007, Lithostratigraphical framework for 
Carboniferous successions of Great Britain (Onshore): British Geological Survey Research Report, 
v. RR/07/01, p. 60. 
WIGNALL, P.B., and BEST, J.L., 2000, The Western Irish Namurian Basin reassessed: Basin Research, v. 12, 
p. 59-78. 
WIGNALL, P.B., and BEST, J.L., 2002, The western Irish Namurian Basin reassessed- Reply: Basin Research, 
v. 14, p. 531-542. 
 217 
 
WIGNALL, P.B., and BEST, J.L., 2004, Sedimentology and kinematics of a large, retrogressive growth-fault 
system in Upper Carboniferous deltaic sediments, western Ireland: Sedimentology, v. 51, p. 
1343-1358. 
WILLIAMS, H., and SOEK, H.F., 1993, Predicting reservoir sandbody orientation from dipmeter data; The 
use of sedimentary dip profiles from outcrop studies, in Flint, S.S., and Bryant, I.D., eds., The 
geological modelling of hydrocarbon reservoirs and outcrop analogues: Special Publication of 
the International Association of Sedimentologists, p. 143-156. 
WOOLFE, K.J., 1993, Devonian depositional environments in the Darwin Mountains: marine or non-
marine?: Antarctic Science, v. 5, p. 211-220. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 218 
 
APPENDIX A. LOGS AND INTERPRETATIONS OF THE STUDIED UPPER TULLIG CYCLOTHEM OUTCROPS
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Figure A1: Trusklieve 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interpretation 
 
 
Maximum flooding surface 
 
Siltstone indicating abandonment 
 
Storm-wave reworked hypopycnally deposited 
mouth bar, capped by a ravinement surface 
 
Rapid deposition of mouth bar-producing sand 
from suspension with periodic storm wave 
reworking 
 
 
Hypopycnal sand deposited below storm wave 
base 
 
 
 
 
 
 
 
 
 
 
Diagenetic siderite formed by microbes in dysoxic 
sediment 
 
Mud and silt deposited from suspension into 
protected bay 
 
 
Initial Flooding Surface 
 
Flooded delta plain sands indicating progressive 
deepening 
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Figure A2: Carrowmore Point 
 
  
 
Interpretation 
 
 
 
 
Maximum Flooding Surface 
 
Bioturbated hypopycnally deposited mouth bar sand 
indicating brackish conditions 
 
Wave-reworked mouth bar deposits, brackish conditions 
 
 
 
Slump initiated by sediment loading and syndepositional 
subsidence 
----Beginning of Parasequence 3----  37 meters 
Sand deposited as hypopycnal plumes, brackish fauna 
present as a result of increasing marine connection 
 
 
 
Series of hypopycnal sand deposits (i.e. distal mouth bar), 
indicating numerous successive depositional events, 
deposited below storm-wave base.  
 
Thin deformed beds; thin slumps and liquefaction probably 
caused by overloading of sediment 
 
 
 
 
 
 
Siltstone color lightens upward indicating increased energy 
and oxygen levels 
 
 
 
 
----Beginning of Parasequence 2---- 9.5 meters 
Coarsening up sediment indicating a brief period of 
proximal sediment source.  Bioturbation indicates brief 
arrival of higher salinity and weak marine connection 
 
Sideritic siltstone indicates low oxygen, low energy, 
brackish conditions 
 
 
Initial Flooding Surface: Fluvial sandstones capped by coal, 
with in situ Stigmaria, indicating subaerial or shallow marsh 
environment 
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Figure A3: Furreera 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interpretation 
 
 
 
 
Maximum Flooding Surface 
Zoophycos surface indicates a period of non-
deposition 
 
Bioturbated sand deposits indicating saline to 
brackish conditions 
 
Coarsening up sediment indicating numerous 
hypopycnal flow events, deposited below 
storm wave-base. 
 
 
 
 
Sideritic siltstone indicates low oxygen, low 
energy, brackish conditions 
 
Fluvial sandstones capped by coal, with in situ 
Stigmaria, indicating subaerial or shallow 
marsh environment 
 
 222 
 
Figure A4: Mutton Island 
 
 
 
 
 
 
 
Interpretation 
 
 
 
 
 
Maximum Flooding Surface 
 
Fine sandstone indicating very brief period of 
proximal sediment source, deposited by settling of 
hypopycnal flows 
 
Sideritic siltstone indicating a return to dysoxic 
sediments and a very low energy environment 
 
Sparse bioturbation indicating brackish conditions 
 
 
 
 
 
 
 
 
 
 
 
Unexposed 
 
 
 
 
 
 
 
 
 
 
Sideritic siltstone indicates low oxygen, low energy, 
brackish conditions 
 
 
Two indistinct surfaces of Zoophycos marking the 
IFS 
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Figure A5: George’s Head 
 
 
 
 
 
 
 
 
Interpretation 
 
Maximum Flooding Surface 
 
Zoophycos-traced top surface of mouth bar sand deposits 
indicating a period of non-deposition and brackish water 
conditions 
 
 
Siltstones indicating delta abandonment and low 
deposition rates 
 
 
 
 
 
Mouth bar sand deposits  
 
 
 
 
 
Deformation caused by underlying diapir 
 
 
 
 
 
 
Diapirism is a result of rapid overloading by mouth bar 
sands on top of unconsolidated gas and water-laden fine-
grained silt 
 
 
 
 
 
 
Siltstones indicate delta abandonment and low deposition 
rates 
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Figure A6a: Diamond Rocks 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Interpretation 
 
 
 
Maximum Flooding Surface 
 
HCS and USPB resulting from shallowing-upward sequence 
of mouth bar sediment, exposing the water bottom to 
strong storm waves and combined unidirectional and 
oscillatory flows. 
 
 
 
Cross-bedding indicates constantly changing current flow 
directions and wave-influence driven by storms, flooding 
events and topography 
 
 
 
 
2D wave-ripples indicate purely oscillatory waves near the 
base of the outcrop 
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Figure A6b: Obrock Channel 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Interpretation 
Mouth bar sand: cross-bedding indicates constantly 
changing current flow directions and wave-influence 
driven by storms, flooding events and topography 
 
Deformed horizon caused by overloading and 
compacting by overlying sediment, possibly related to 
Diapir 2 event. 
 
Subaqueous mouth bar channel, filled by sand 
deposited from suspension.  Infill reworked by 
Helminthoidea and wave ripples. 
 
 226 
 
Figure A7: Killard
 
 
 
Interpretation 
 
 
 
 
 
 
 
 
Rafted sandstone mass bounded by growth faulting and 
brecciated mixture of sandstone blocks and siltstone 
 
 
 
Abandonment 
 
 
Mouth bar sandstone due to progradation of the Tullig 
Delta following a period of abandonment and aggradation 
 
 
Sandstone deposited on unstable slope caused by local or 
regional subsidence 
 
 
 
 
 
 
 
 
 
 
Highly sideritic siltstone indicating deposition into low 
oxygen, low energy and brackish conditions during a 
period of abandonment and aggradation 
 
Thin mouth bar progradation resulting from flood event 
 
 
 
 
 
 
 
Highly organic-rich siltstone indicating low oxygen, low 
energy and brackish conditions during a period of 
abandonment and aggradation 
 
 
 
 
In situ rootlet surface and coal indicating a subaerially 
exposed or shallowly-flooded marsh environment top of 
Tullig Sandstone (IFS)due to delta abandonment 
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Figure A8: Tullig Point 
 
 
 
 
Interpretation 
 
 
 
Maximum Flooding Surface 
 
Iron-rich siltstone indicates oxygenated, low energy 
conditions and abandonment below storm-wave base 
 
Wave-rippled surface indicates that the bottom was above 
storm-wave base, and bioturbation suggests a period of 
non-deposition (i.e. abandonment).   Sandstone is 
interpreted as the Moore Bay Sandstone unit and 
equivalent mouth bar sands. 
 
 
 
 
Unexposed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Partially exposed but inaccessible 
 
T1.1 siltstone represents very low-energy environment 
receiving frequent hypopycnal depositional events 
 
Unexposed 
 
 
 
 
Partially exposed but inaccessible 
 
 
 
 
Zoophycos marks the IFS and abandonment of the Tullig 
Delta  
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Figure A9: Cliffs of Moher 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Interpretation 
 
 
 
Maximum Flooding Surface 
Zoophycos surface indicates a period of non-deposition 
 
Bioturbated sand deposits indicating saline to brackish 
conditions 
 
 
 
Unexposed 
 
 
 
 
 
Sideritic siltstone indicates low oxygen, low energy, 
brackish conditions 
 
Non-Fluvial Tullig Sandstone – Mouth bar 
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